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ABSTRACT  CARD 


1. 


PURPOSE 


The  purpose  of  the  study  was  to  provide  a  deeper  under¬ 
standing  of  multipactor  effects*  which  occur  at  waveguide 
windows  used  with  high-power  microwave  tubes  and  to  deter¬ 
mine  practical  methods  of  preventing  or  eliminating  multi¬ 
pactor  *  thereby  raising  the  power  handling  capacity  of 
windows.  Throughout  the  investigation  emphasis  was  placed 
on  an  understanding  of  the  basic  phenomena  involved  so 
that  general  solutions  would  be  obtained  which  would  be 
applicable  over  a  wide  range  of  conditions. 

Prior  to  the  inception  of  this  contract  certain  types 
of  multipactor  which  are  liable  to  occur  at  waveguide 
windows  had  been  recognized  as  the  result  of  company-spon¬ 
sored  research  at  Site 1-McCul lough.  A  method  of  eliminat¬ 
ing  multipactor  had  boon  devised  and  partially  developed. 
This  consisted  of  the  application  of  an  evaporated  film  of 
titanium  in  order  to  reduce  the  secondary  emission  coeffi¬ 
cient  of  the  window  and  adjacent  surfaces.  This  work  was 
carried  out  on  cylindrical  ceramic  windows  at  a  frequency 
of  650  megacycles  oer  second  and  the  results  have  been  sum- 
narized  in  two  published  articles  ’  . 

There  was  a  need  for  further  investigation  of  multipac¬ 
tor  effects  which  could  occur  at  other  window  geometries 
and  at  different  frequencies.  It  was  desirable  to  evaluate 
further  the  evaporated  titanium  coating  method  and  to  in¬ 
vestigate  other  window  coatings  such  as  films  of  sputtered 
titanium  monoxide. 

As  an  alternative  approach*  other  possible  methods  of 
eliminating  multipactor  were  to  be  investigated  such  as 
phase  or  space  defocusir.g  of  the  electron  cloud  near  the 
window.  It  seemed  possible  that  if  the  electric  fields 
in  the  window  region  were  properly  shaped  or  if  the  window- 
configuration  were  suitably  designed*  secondary  electrons 
produced  would  be  driven  from  the  window  surface-  This 
method  would  not,  in  principle,  require  a  reduced  secondary 
emission  coefficient  at  the  window  surface. 


To  ensure  adequate  attention  to  both  of  the  above  ap¬ 
proaches  ,  the  first  year’s  work  carried  out  between  July 
1962  and  June  1963 ,  was  divided  into  two  tasks  with  the 
following  objectives; 

Task  A;  An  Experimental  Study  of  Electron  Bombard¬ 
ment  Phenomena  at  the  Output  RF  Windows  of 
High  Power  Microwave  Tubes. 

Phase  1.  Experimental  and  analytical  study 

of  mult ipactor  effects  at  waveguide 
windows  under  high  power  conditions. 

Phase  2.  Development  and  application  of  eva¬ 
poration  coatings  and  techniques  ap¬ 
plied  to  the  window  and  surrounding 
metal  parts  in  order  to  reduce  secon¬ 
dary  emission  coefficient  to  less 
than  unity. 

Task  B:  Study  of  the  Inner-Window  Surface  and  Configur¬ 
ations  Affecting  Power-Handling  Capabilities 
of  High  Power  Microwave  Tubes. 

Phase  1.  Analysis  of  various  means  of  obtain¬ 
ing  space  and  phase  defocusing  of 
electrons  by  shaping  the  fields  and 
window  surfaces. 


Phase  2.  Study  of  materials  and  coatings  in 
conjunction  with  shaped  fields  to 
develop  windows  capable  of  hand] ing 
higher  powers  without  multipactor. 


There  was  a  reorientation  of  the  program  for  the  second 
year j  which  will  be  referred  to  as  Task  C.  This  was  carried 
out  between  July  1963  and  June  1964  and  the  objectives  were 
to  obtain  more  detailed  knowledge  of  the  behavior  of  the 
above  methods,  especially  the  coatings,  and  to  arrive  at 
numerical  values  for  the  important  properties  involved. 

These  included  the  useful  range  of  thickness  of  the  coat¬ 


ings,  the  conditions  of  application,  the  temperatures  and 


other  factors  involved  in  the  processing 


and  the  constitu¬ 


tion  of  the  coating  material  itself. 
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Another  major  purpose  was  to  test  these  windows  at  much 
higher  average  power  levels  than  formerly,  to  reveal  any 
weaknesses  in  the  techniques  used  for  multipactor  suppres¬ 
sion.,  and  approximate  more  closely  than  before  the  condi¬ 
tions  existing  in  a  super  power  microwave  tube.  An  inves¬ 
tigation  of  gas  evolution  from  windows  under  multipactor 
conditions  was  to  be  made  to  throw  more  light  on  the  nature 
of  the  multipactor  problem.  Other  ohenomena  such  as  win¬ 
dow  puncture  and  arcing,  which  may  cause  power  limitations, 
were  to  be  investigated  as  the  need  arose.  In  addition, 
a  reevaluation  of  other  window  geometries,  such  as  cones 
or  domes,  coated  to  prevent  multipactor,  was  to  be  made, 
as  these  offer  significant  potential  advantages  compared 
with  discs. 

ABSTRACT 


The  problem  of  multipactor  at  microwave  windows  is  dis¬ 
cussed  and  the  results  of  theoretical  and  experimental 
studies  on  multipactor  at  a  single  dielectric  surface  are 
presented,  with  information  on  the  power  levels  at  which 
such  discharges  may  be  expected  to  occur.  Methods  of  eli¬ 
minating  multipactor  at  windows  are  described  and  include 
surface  coatings,  applied  by  evaporating  titanium  in  vacuum 
or  sputtering  titanium  monoxide  in  argon  or  mercury,  and 
grooves  cut  in  the  window  surface  perpendicular  to  the 
electric  field.  Factors  affecting  the  nature  of  the  surface 
coatings  during  application  and  in  subsequent  tube  process¬ 
ing  are  described.  A  wide  variety  of  coatings  have  been 
evaluated  at  S-band  on  alumina,  beryliia,  and  quartz  windows 
at  power  levels  up  to  100  Mw  peak  equivalent  transmitted 
power  and  average  dissipations  equivalent  to  over  300kw  of 
average  power.  The  maximum  peak  power  supported  by  multi¬ 
pactor  resistant  windows  was  limited  by  arcing  at  the  metal- 
dielectric  seal.  Various  methods  of  increasing  the  thres¬ 
hold  power  for  arcing  have  been  tried.  The  most  successful 
arrangement  employed  a  window  ceramic  of  :'H"  shaped  cross 
section  in  which  the  metal-dielectric  seal  was  located  in 
a  region  of  weak  electric  intensity. 


3. 


PUBLICATIONS,  LECTURES,  REPORTS  AND  CONFERENCES 


3 . 1  Publications 

"The  Effects  of  Titanium  Films  on  Secondary- 
Emission  Phenomena  in  Resonant  Cavities  and  at 
Dielectric  Surfaces",  by  Ruth  Carlson  Talcott, 

Trans.  IRE,  PGED,  Vcl.  ED-9,  September  1962. 

3 . 2  Lectures 

"Multipactor  Motions  in  Microwave  Tubes",  by 
D.  H.  Preist,  paper  read  at  the  International 
Congress  on  Microwave  Tubes,  The  Hague,  Holland, 
September  1962. 

At  an  ARPA-USAEL-sponsored  symposium  on  windows 
held  at  Varian  Associates  in  February,  1963,  the 
following  lectures  were  given: 

1.  "Development  of  a  general  theory  of  multi¬ 

pactor  electron  motion  at  windows",  by 
Donald  H.  Preist. 

2.  "Multipactor  suppression  by  surface  forming 

and  surface  coating  of  alumina  and  silica 
windows",  by  Oskar  Heil. 

3.  "An  account  of  unpublished  experiments  on 

window  multipactor  at  Z-itel -McCullough, 
leading  to  coating  techniques  in  current  use", 
by  Ruth  C.  Talcott. 

3 . 3  Conferences  Held 

During  the  period  of  the  contract  conferences  were 
held  with  various  other  workers  in  the  field  from  time 
to  time.  Tnese  are  summarized  below: 

At  Stanford  University,  August  30,  1962.  Those 
present:  Don  Preist,  Ruth  C.  Talcott,  John  Soder strum, 

from  Eimac,  and  John  Jasburg  and  Dr.  Pedro  Szer.ti  of 
Stanford. 
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At. the  Hague,  Holland  between  Preist  of  Eimar  and 
Dr.  G.  Schaffer  of  the  Hamburg  Linear  Accelerator 
Project  (DESY) ,  September  7,  1962. 

At  EMI,  Hayes,  Middlesex,  England  between  Preist 
of  Eimac  and  Dr.  Kreuchen,  Mr.  Dixon  and  Mr.  Barnes 
of  EMI,  September  12,  1962. 

At  Stanford  Linear  Accelerator  center,  Stanford 
University,  Stanford,  California,  on  January  23, 

1964,  with  J.  Jasberg,  R.  W.  Bierce,  and  W.  R.  Fowkes, 
Stanford  University,  and  D.  Preist,  R.  Talcott  and 
R.  Hayes,  Eitel-McCullough. 

The  following  conferences  were  held  with  representa 
tives  of  ARPA  and  the  U.  S.  Army  Electronics  Labora¬ 
tories,  Fort  Monmouth,  New  Jersey,  during  which  plans 
and  progress  were  reviewed. 

At  Eitel-McCullough,  San  Carlos,  California,  with 
Lt.  Col.  W.  B.  Lindsay  of  ARPA,  August  23,  1962. 

At  Eitel-McCullough,  with  Mr.  Louis  Heynick  of  the 
U.  S.  Army  Electronics  Laborator i ‘ s ,  Fort  Monmouth, 

New  Jersey,  July  12,  July  19,  October  5  and  October  8, 
1962. 

At  Eitel-McCullough,  with  Lt.  Col.  W.  B.  Lindsay 
of  ARPA  and  Mr.  Louis  Heynick  of  the  U.  S.  Army  Elec¬ 
tronics  Laboratories,  Fort  Monmouth,  New  Jersey, 
November  29,  1962. 

At  Eitel-McCullough,  with  Mr.  Louis  Heynick  of  the 
U.  S.  Army  Electronics  Laboratories  on  January  15, 
.February  5  and  March  8,  1963. 

At  Eitel-McCullough,  with  Mr.  Louis  Heynick,  Mr. 
Gunther  Wurthmann  and  Miss  Barbara  Malley  all  of  the 
U.  S.  Array  Electronics  Laboratories,  Fort  Monmouth, 

New  Jersey,  May  16,  1963. 


At  Eitel -McCullough,  with  Mr.  Gunther  Wurthmann, 
of  the  U.  S.  Army  Electronics  Laboratories,  Fort 
Monmouth,  New  Jersey,  on  August  21,  1963,  February 
12,  1964  and  July  9,  1964.  At  the  first  meeting 
Mr.  Bernard  Smith  of  USAEL  was  also  present. 

4.  FACTUAL  DATA 

4 . 1  Introduction 

This  is  a  final  report  covering  2  years  of  study 
on  multipactor  and  its  suppression  at  waveguide 
windows.  Multipactor  at  alumina,  beryllia  and 
quartz  windows  has  been  investigated  in  the  S-band 
region.  Power  levels  at  which  multipactor  commences 
have  been  established  and  the  effects  of  magnetic 
fields  on  the  discharge  determined.  Various  methods 
of  eliminating  multipactor  have  been  evaluated.  These 
include  evaporated  titanium  coatings,  sputtered  ti¬ 
tanium  monoxide  coatings  and  grooves  cut  in  surface 
of  windows  perpendicular  to  the  electric  field.  In 
preparing  this  report  the  work  of  the  three  tasks 
described  in  the  previous  section  has  been  reviewed 
and  the  various  results  combined  to  enable  a;  complete 
and  unified  picture  to  be  presented. 

■  y 

4 . 2  The  Multipactor  Problem 
4.2.1  Types  of  Multipactor 

Secondary  electron  resonance  or  multipactor 
has  been  known  for  a  number  of  years.  It  may 
exist  in  a  variety  of  forms;3  the  double  sur¬ 
face  or  single  surface  variety,  on  conducting 
or  insulating  surfaces  with  or  without  mag¬ 
netic  field.  The  phenomenon  is  liable  to 
occur  in  any  device  supporting  high  intensity 
rf  electric  fields  in  vacuum  or  gases  at  low 
pressure. 

Multipactor  was  first  recognized  in  the 
two-surface  form  and  this  type  has  been 
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fully  analyzed  in  the  literature  3  .  It 
occurs  between  two  parallel  plates  in 
vacuum  or  low  pressure  gas,  where  an  rf 
field  exists  perpendicular  to  the  plates. 

If  the  distance  between  the  plates  is  such 
that  an  electron  emitted  from  one  surface 
when  the  field  is  zero  and  accelerated  across 
the  gap  arrives  at  the  second  surface  when 
the  field  is  again  zero,  then  any  secondary 
electrons  emitted  will  be  returned  to  the 
first  plate  as  the  field  reverses*  If  the 
surfaces  have  a  maximum  secondary  emission 
coefficient  greater  than  one  and  the  arrival 
energy  of  the  electrons  is  favorable  for  the 
release  of  secondaries  the  number  of  oscillat¬ 
ing  electrons  will  increase  rapidly.  Oscillat 
ing  electrons  gain  kinetic  energy  from  the  rf 
field  which  is  dissipated  at  the  surfaces  in 
the  form  of  heat.  The  net  result  is  the  cre¬ 
ation  of  a  relatively  low  impedance  discharge 
which  can  cause  severe  loading  of  the  field 
and  intense  heat  dissipation  at  the  surfaces. 
The  phenomenon  is  dependent  on  the  magnitude 
of  the  field,  the  frequency,  the  gap  length, 
the  phase  angle  of  the  field  at  which  an  elec¬ 
tron  is  emitted,  and  the  secondary  emission 
characteristics  of  the  surface  involved  in  the 
discharge . 

The  form  of  multipactor  which  is  the  most 
troublesome  at  the  microwave  windows  is  the 
gliding  single  surface  type  first  described 
by  Preist  and  Taicott^.  This  can  occur  at 
the  dielectric  surface  in  vacuum  in  the  pre¬ 
sence  of  an  rf  electric  field  parallel  to 
the  dielectric,  a  situation  which  is  inherent 
in  many  microwave  window  designs.  The  pro¬ 
cess  is  initiated  by  stray  electrons  bombard¬ 
ing  the  surface  and  liberating  secondaries. 
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These  are  initially  carried  away  from  the 
surface  by  the  emission  velocity,  but  are 
then  returned  by  a  restoring  force,  due  to 
either  a  positive  surface  charge  or  the 
presence  of  a  magnetic  field.  During  the 
period  that  the  electrons  are  free  they  are 
accelerated  by  the  rf  electric  field  and 
may  return  to  the  surface  with  considerable 
kinetic  energy,  depending  on  the  phase  of  the 
rf  field  at  emission  and  the  duration  of  the 
period  that  the  electrons  are  free.  This 
kinetic  energy  is  dissipated  on  impact,  re¬ 
leasing  further  secondary  electrons  and  caus¬ 
ing  local  heating.  Typical  motions  are  shown 
in  Fig.  1.  The  conditions  under  which  single 
surface  multipactor  may  occur  are  much  less 
critical  than  for  the  two-surface  type,  since 
no  fixed  distances  are  involved.  The  effect 
is  possible  over  a  wide  range  of  field  strengths 
and  phase  angles,  the  major  requirement  being 
that  electrons  are  returned  to  the  surface 
with  kinetic  energies  in  the  range  for  which 
the  secondary  emission  coefficient  is  greater 
than  one . 

Multipactor  is  dependent  on  the  dc  motions  of 
the  electrons  in  addition  to  the  oscillating 
motion  due  to  the  rf  field.  The  following 
processes  create  dc  velocitiesi 

1.  The  phase  at  which  the  electron  is  liber¬ 
ated  or  emitted  into  the  h.f  field. 

2.  The  acceleration  of  electrons  in  an  inhomo¬ 
geneous  electric  field  where  the  field 
strength  varies: 

a)  in  the  direction  of  the  lines  of  force 
of  the  electric  field  (diverging  lines 
of  force) 


S 


S>l 


AIR 
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ELECTRON  MOTIONS  WITH  ZERO 
MAGNETIC  FIELD 
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FIG,  1 
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b)  perpendicular  to  the  lines  of  force 

(curved  lines  of  force) 

c)  perpendicular  to  the  lines  of  force 

(parallel  lines  of  force  in  standing 
■waves;  dynamic  inhomogeneity) 

3.  Electron  velocity  obtained  from  impulse 
transfer  from  the  propagating  wave 
(radiation  pressure). 

The  electron  velocities  in  2c)  and  3  are  obtained 
by  deflection  of  the  moving  electrons  in  the  high 
frequency  magnetic  field  of  standing  or  propagating 
waves.  Whereas  in  2c)  the  electrons  are  strongly  ac¬ 
celerated,  they  obtain  in  3  only  a  small  constant  dc 
velocity  superimposed  on  a  second  harmonic  oscilla¬ 
tion.  The  average  forward  energy  of  the  electron  is 
proportional  to  the  fourth  power  of  the  high  frequency 
electric  field.  See  Appendix  III.  The  effect  there¬ 
fore  becomes  noticeable  at  windows  only  at  very  high 
powers  producing  different  conditions  on  the  input  and 
output  side  of  a  window  due  to  the  different  direction 
of  energy  flux. 

Process  1)  explains  the  positive  dc  potential  of 
the  window  surface  as  a  result  of  the  net  loss  of 
electrons  from  the  window  to  the  surrounding  wave¬ 
guide. 

It  will  also  be  shown  how  all  three  field  inhomo¬ 
geneity  effects  can  be  utilized  to  drive  electrons 
away  from  the  window  surface. 

4.2.2  Electron  Motion  During  Multipactor  At  A  Dielectric 
Surface 


An  analysis  of  the  motion  of  an  electron  near  a 
single  dielectric  surface  due  to  an  rf  electric  field 
parallel  to  the  surface  and  a  static  electric  field 
normal  to  the  surface  is  given  in  Appendix  I. 
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The  maximum  velocity  will  be  gained  by  electrons 
which  leave  the  surface  at  the  most  favorable  phase 
of  the  rf  electric  field  andj  neglecting  initial 
velocities*  is  given  by* 


max  =  2 . e  3  (1) 

m  x 

where  E  \s  the  peak  rf  electric  field*  x 
is  the  angular  velocity  and  e/m  is  the 
charge  to  mass  ratio  of  an  electron. 

The  corresponding  electron  energy  in  terms 
of  a  maximum  vcltaoe  V^,„  is  aiven  by 

..iaX  - 


2  e 


m 


2 

x 


(2) 


For  multipactor  to  occur  at  a  window  surface 
electrons  must  gain  sufficient  energy  from  the 
electric  field  to  liberate  secondaries  on  im¬ 
pact  e  The  minimum  energy  necessary  is  depen¬ 
dent  on  the  nature  of  the  surface  and  will 
normally  correspond  to  the  lower  cross  over  po¬ 
tential  of  the  secondary  emission  characteristic 
curve  (See  Fig.  2) , 

From  the  results  of  experiments  described  in 
Sec.  4.4  multipactor  at  alumina  and  beryllia 
surfaces  commences  at  a  maximum  tangential  field 
strength  of  about  2.1  kv/cm  at  a  frequency  of 
2700  Me.  Substituting  in  equation  (2)  and  neglect¬ 
ing  the  initial  electron  velocity  the  correspond¬ 
ing  energy  is  54  eV.  which  may  be  considered  as 
the  minimum  energy  required  to  start  a  multipac¬ 
tor  discharge  on  alumina  or  beryllia.  (See  also 
Appendix  IV. ) 

-  1C  - 


V  (ELECTRON  VOLTS) 


FIG.  2.  Secondary  emission  coefficient  6  as  a  function  of 

velocity  of  bombarding  electrons  expressed  in  electron  volts. 
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In  a  practical  case  it  is  usually  desired  to  _ 
determine  the  power  level  at  which  multipactor  is 
liable  to  occur  in  a  given  window.  This  is  easily 
calculated  as  illustrated  in  the  following  example, 

Example  1 

Alumina  disc  window  in  a  circular  waveguide  3.7 
inches  in  diameter  operating  at  2700  Me  in  TEj_^  mode 

The  relationship  between  power  flow  and  maximum 
peak  field  strength  for  the  TE-q  mode  in  a  circular 
waveguide  is  given  by, 

P  =  1.99  x  10“3  j  1  - 


where  P  =  power  flow  in  watts 

E  -  peak  electric  field  strength  in 

**  i  / 

V  w  *  Um/  .  . 

a  =  guide  radius  in  cm 


1* 


3.41a 


3) 


Taking  the  critical  electron  energy  as  54v 
the  corresponding  field  strength  from  equation 
(3)  is  2.1  kv/cm  (neglecting  initial  veloci¬ 
ties)  and  the  equivalent  transmitted  power  is 
140kw . 

Example  2 

Rectangular  block  beryl lia  window  in  WR  112 
waveguide  operating  in  the  TE^g  mode  at 
9000  Me. 
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The  critical  field  strength  is  again  obtained 
from  (2) .  Using  a  minimum  voltage  of  54  volts 
for  beryllia,  the  value  7.02  kv/citi  is  obtained. 
For  a  rectangular  waveguide  operating  in  the 
TE10  mode  the  relationship  between  power  flow 
and  peak  electric  field  strength  is  given  by 


ab  E2 
2 


(4) 


P  =  0.663  x  10"3 


where  a  and  b  are  the  width  and  depth  of  the 
waveguide  respectively  in  cm.  Substituting 
for  E  gives  a  power  of  196kw.  In  both  of  the 
above  examples  the  windows  were  located  in  straight 
waveguide  sections.  Many  window  designs  contain 
waveguide  discontinuities  near  the  window  oj.  irises 
for  broadbanding.  In  such  cases  equations  (3)  and 
(4)  do  not  apply  and  it  is  necessary  to  estimate 
the  relationship  between  power  flow  and  electric 
field  strength  at  the  window  surface. 

It  is  interesting  to  note  that  for  a  given  window  material 
or  surface  condition  the  power  necessary  for  multipactor  is 
largely  independent  of  frequency.  Equation  (2)  may  be 
written: 


2  m  (nc) 2  V 
e 


(5) 


12 


Assuming  that  in  the  case  of  the  circular 
waveguide  the  radius  is  proportional  to 
wavelength,  a/X  =  k,  and  combining  (3) 
and  (5) 


P 


(6) 


P  =  constant  x  Vj  ana  is  independent  of  X 


4.2*3  The  Elimination  of  Multipactor 


In  order  to  prevent  multipactor  from  occur¬ 
ring  in  a  device  it  is  necessary  to  ensure  that 
the  conditions  are  unfavorable  for  the  dis¬ 
charge.  One  method  of  achieving  this  is  to  em¬ 
ploy  surfaces  which  have  a  low  secondary  emission 
yield.  Multipactor  is  dependent  on  a  copious 


k.  -  1.  1  V  J  1 


f-V,  •:  a 


B'.l  I-.!-,  ! 


is  restricted  the  multiplication  of  free  elec¬ 
trons  in  the  vicinity  of  the  window  is  prevented 
thus  inhibiting  the  buildup  of  a  multipactor  dis¬ 
charge  . 


Since  all  useable  dielectric  materials  have 
high  secondary  electron  emission  coefficients  it 
is  necessary  to  employ  surface  coatings  with  low 
secondary  yields  when  applying  the  method  to 
microwave  windows.  It  is  also  necessary  to  en¬ 
sure  that  the  coatings  do  not  introduce  appre¬ 
ciable  RF  loss. 


An  alternative  approach  is  to  prevent  electrons 
from  returning  to  the  window  by  shaping  the  elec¬ 
tric  fields  or  the  window  surface  to  cause  space 
or  phase  defocusing  of  the  electrons.  The  form 
that  this  approach  actually  took  in  this  program 
was  grooving  of  the  window  surface. 


13 


A  combination  of  the  two  approaches  was  also 
thought  to  be  worth  investigating. 

The  material  used  to  form  the  low  secondary 
emitting  coatings  was  basically  titanium. 

This  element  was  chosen  in  the  earlier  work 
at  Eitel-McCullough,  Inc.,  prior  to  the  incep¬ 
tion  of  the  present  study  because  the  pub¬ 
lished  secondary  emission  data  for  the  element 
titanium  indicated  a  maximum  value  of  5  of  0.9 
(page  39  of  Ref.  9).  The  other  metals  having 
coefficients  of  unity  or  less  (same  reference) 
are  Aluminum,  Barium,  Beryllium,  Carbon,  Caesium, 
Potassium,  Lithium,  Magnesium,  and  Rubidium. 

Most  of  these  were  ruled  out  because  of  chemical 
instability,  toxicity  and  poor  availability.  A 
mandatory  requirement  was  that  the  coating  should 
be  able  to  withstand  a  typical  electron  tube  ex¬ 
haust  and  bake-out  process  at  500c-600“C. 

It  was  suspected  that  during  this  process  all 
the  elements  listed,  with  the  exceptions  of 
titanium  and  carbon  would  oxidize,  resulting  in 
the  high  secondary  emission  characteristic  of 
most  oxides  (page  53  of  Ref.  9) .  Titanium  was 
known  to  be  able  to  dissolve  surface  oxide  layers 

.  n 

by  gaseous  diffusion  {  )  so  that  some  hope  of 
obtaining  a  final  surface  of  titanium  metal  with 
its  low  value  of  5  existed.  Experiments  had 

confirmed  this.  Some  attention  had  been  given 
to  carbon  as  it  was  known  that  the  oxides  would 
be  in  the  form  of  volatile  CO  or  enabling 

a  pure  carbon  surface  to  exist  after  a  bake- 
out  process.  However,  the  difficulty  of  obtain¬ 
ing  and  maintaining  the  thin  films  .necessary  to 
keep  the  RF  losses  down  to  an  acceptable  level, 
together  with  the  possibility  that  such  thin 
films  would  be  hard  to  control  in  an  oxidizing 
atmosphere,  militated  against  the  use  of  carbon. 
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The  early  work  referred  to  was  restricted  to 
titanium,  evaporated  in  a  bell  jar,  for  these 
reasons.  In  the  present  study  this  approach 
was  pursued  further. 

In  addition,  in  the  present  study  another  ap¬ 
proach  previously  suggested  by  0.  Heil  was 
pursued  also.  This  was  to  use  titanium  oxide 
(TiO)  as  the  basic  material.  Data  in  Ref.  14 
seemed  to  indicate  that  this  material  being  in 
many  respects  like  a  metal,  and  having  a  posi¬ 
tive  temperature  coefficient  of  resistance, 
might  well  be  expected  to  have  a  low  secondary 
emission  coefficient.  Sputtering  was  chosen  as 
the  method  of  application,  rather  than  evapora¬ 
tion,  for  the  reasons  given  later  (See  Section  4.6). 

4 . 3  Equipment  and  Experimental  Procedure 

4.3.1  Methods  Used 

A 1  i  t_ ivree  tasKs  or  me  program  usee  dif¬ 
ferent  equipment  and  procedures.  In  Tasks 
A  and  C,  windows  were  tested  using  a  resonant 
cavity  method  while  in  Task  B,  a  traveling 
wave  ring  resonator  was  employed.  A  des- 
printion  of  the  facilities  and  test  methods 
used  with  each  task  is  given  in  the  follow¬ 
ing  sections. 

4.3.2  Task  A 


Windows  tested  in  Task  A  were  3.7  inch 
diameter  discs  which  formed  part  of  a  cylin¬ 
drical  resonant  cavity  operating  in  the  TE^i 
mode.  The  discs  were  metalized  and  brazed 
into  demountable  vacuum  tight  test  units. 

Each  unit  contained  a  getter  ion  pump  and 
was  baked  out  at  400 °c  during  evacuation  on 
a  diffusion  pump  station. 
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The  first  test  unit  design  j(Model  1)  is 
shown  in  Fig.  3.  This  was  modified  (Model  2) 
to  include  an  optical  window  for  viewing 
the  test  ceramic  through  perforations  in  one 
of  the  cavity  end  walls.  These  units  were 
used  during  the  initial  experiments  but  were 
not  completely  satisfactory.  Inadequate  RF 
contact  was  sometimes  obtained  at  the  com¬ 
pression  seal  between  the  copper  cylinder 
and  the  end  flanges  resulting  in  low  Q  and 
arcing  at  the  contact.  Accordingly,  a  third 
design  was  evolved  (Model  3,  shown  in  Figs. 

4,  5,  and  6  in  which  the  Rf  and  vacuum  seals 
were  made  with  expendable  copper  gaskets  of 
the  type  described  by  Goertz.  This  design 
was  satisfactory  and  used  for  the  remainder 
of  the  Drogram. 


After  assembly,  window  test  units  were 
checked  at  low  power  for  resonant  frequency, 
and  input  vswr. 


For  evaluation  at  high  power,  windov,  test 
units  were  connected  to  a  waveguide  run  fed 
by  a  high  power  klystron.  Experiments  were 
carried  out  under  CW  and  pulsed  conditions  at 
frequencies  near  2850  Me.  Instrumentation 
was  similar  to  that  used  in  Task  C  which  is 
described  in  detail  in  Sec.  4.3.4. 


4.3.3  Task  B 


All  work  connected  with  the  high  frequency 
matching  and  testing  of  the  windows  evaluated 
in  Task  B  of  the  program  was  carried  out  at 
the  facilities  of  the  Stanford  Linear  Accel¬ 
erator  Center,  Stanford  University. 


The  windows  tested  were  ail  3  inch  dia¬ 
meter  discs.  They  were  not  metalized  but 
shrunk  into  copper  cylinders  in  which  they 
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were  held  in  good  thermal  contact.  For  test¬ 
ing  at  high  power,  window  assemblies  were 
mounted  in  a  ring  resonator  operating  at 
2850  Me.  The  ring  resonator  employed  a 
fixed  pulse  width  oi  3  microseconds.  During 
testing  the  pulse  repetition  rate  was 
normally  60  pulses  per  second  but  was  in¬ 
creased  to  240  and  360  pulses  per  second  in 
order  to  increase  the  average  power  in  the 
window.  The  highest  powers  obtainable  in 
the  Stanford  ring  resonator  at  the  time  these 
experiments  were  carried  out  were  approxi¬ 
mately  85  Mw  peak  and  15kW  average  at  60 
pulses  per  second  and  40  Mw  peak,  43  kW 
average  at  360  pulses  per  second.  The  ring 
resonator  was  evacuated  to  pressures  of  about 
10  Torr  prior  to  the  high  power  testing 
but  no  window  bakeout  was  employed. 

4.3.4  Task  C 


The  procedure  for  testing  windows  in  the 
2nd  year  of  the  program  was  similar  to  that 
used  in  Task  A.  A  resonant  cavity  method  was 
employed,  windows  being  built  into  sealed  off 
assemblies  which  were  processed  in  the  same 
way  as  an  electron  tube  prior  to  testing  at 
high  power . 

Two  types  of  test  units  were  used,  Model  3 
(Figs.  4,  5  and  6)  in  which  only  one  side  of 
the  window  is  under  vacuum,  and  Model  4  (Figs. 
7,  8  and  9)  in  which  both  sides  of  the  unit 
are  evacuated.  Prior  to  metalizing,  window 
ceramics  are  heated  in  a  diabasic  acid  solu¬ 
tion  on  an  ultrasonic  cleaner,  then  rinsed 
several  times  in  deionized  water  followed  by 
an  acetone  rinse.  Ceramics  are  then  clean- 
fired  at  800cC  in  a  hydrogen  furnace.  Brazed 
window  assemblies  are  coated  without  further 
cleaning  and  built  into  test  units. 
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Double  Vacuum  Test  Unit  Component 
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Prior  to  high  power  testing,  the  units  are 
tested  at  low  power  to  test  the  resonant 
frequency,  the  input  vswr  at  resonance,  and 
the  loaded  Q  of  the  unit.  The  Q  is  used  to 
determine  the  ratio  of  the  power  dissipated 
in  the  cavity  to  the  equivalent  transmitted 
power . 

On  completion  of  the  test  on  a  coated  window, 
the  coating  is  removed  from  the  window  as¬ 
sembly  which  can  then  be  used  again.  The 
ceramic  is  etched  with  a  nitric  hydrofluoric 
acid  solution  to  remove  titanium  or  titanium 
monoxide  coatings,  treated  with  an  ammonium 
hydroxide  solution  and  finally  rinsed  several 
times  in  deionized  water. 


The  High  Power  Test  Facility  used  in  Task  C 
was  constructed  for  the  exclusive  use  of  the 
window  program.  It  consists  of  a  pulsed 
klystron  amplifier  with  associated  modulator, 
trigger  circuits  and  rf  oscillator.  The 
equipment  is  capable  of  delivering  rf  power 
up  to  several  hundred  kilowatts  peak  and  4 
kilowatts  average,  in  the  frequency  range 
2625  to  2675  megacycles  per  second.  A  fixed 
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a  duty  cycle  variable  up  to  2%  maximum.  The 
Eimac  X-3040  klystron  amplifier  is  a  specially 
designed  tube  which  will  operate  at  a  high 
efficiency  over  a  wide  range  of  power  output, 
allowing  operation  at  high  average  power  with¬ 
out  exceeding  the  modulator  rating. 


As  will  be  shown  in  detail  in  Appendix  IV, 
the  resonant  cavity  produces  an  electric 
field  strength  at  the  window  which  is  much 
greater  than  that  in  the  output  waveguide  of 
the  klystron.  If  the  window,  instead  of 
being  in  a  resonant  cavity,  were  in  a  waveguide 
transmitting  power  in  one  direction  to  a 
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matched  load,  as  in  normal  klystron  operation, 
this  large  field  strength  would  correspond 
to  a  transmitted  power  approximately  equal 
to  £2  x  power  dissipated  in  the  cavity 

where  is  the  Q  of  the  cavity  without  ex¬ 
ternal  connections,  and  :.s  its  Q  when 
"matched"  to  a  load  as  in  "the  normal'  operation 
referred  to  above. 

Since,  for  the  windows  tested  in  this  pro¬ 
gram,  was  300  to  500,  the  4kw  average  power 

°1 

available  from  the  klystron  would  give  an 
"equivalent  average  transmitted  power"  of  about 
4  x  300  to  500  kw,  or  1.2  MW  to  2  MW,  assum¬ 
ing  all  the  4  kw  were  dissipated  in  the  cavity. 
Likewise,  a  peak  power  of  200  kw,  dissipated 
in  the  cavity,  would  correspond  tjp  an  "equi¬ 
valent  peak  transmitted  power"  of  about  200  x 
300  to  500  kw  or  60-100  MW  peak  power. — 

A  block  diagram  of  the  test  facility  and 
the  arrangement  used  for  window  experiments  is 
given  in  Fig.  10.  The  waveform  generator 
allows  the  modulator  to  be  triggered  at  a  ' 
selected  pulse  recurrence  frequency.  RF  drive 
is  provided  by  a  signal  from  a  variable  fre¬ 
quency  oscillator  amplified  by  a  TWT  amplifier. 
Power  from  the  klystron  is  transferred  to  the 
window  test  unit  by  a  directional  coupler  which 
facilitates  monitoring  of  the  forward  and  back¬ 
ward  power.  The  electric  intensity  within  the 
cavity  is  measured  by  a  probe  connected  to  a 
calorimeter.  Power  dissipation  in  the  window 
may  be  measured  by  a  water  calorimeter  and 
the  pressure  within  the  test  unit  is  monitored 
by  the  attached  getter  ion  pump. 
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BLOCK  DIAGRAM  OF  HIGH  PCWER  TEST  FACILITY 


For  most  of  the  tests,  the  electric  field 
probe  consisted  of  a  short-piece  of  small 
diameter  coaxial  line,  open  at  one  end,  the 
other  end  being  connected  to  either  a  crys¬ 
tal  or  a  bolometer.  This  unit  was  pushed 
into  the  hole  in  the  cylindrical  wall  of 
the  resonant  cavity  shown  in  Figs.  3  and  4, 
the  depth  being  adjusted  to  give  a  convenient 
signal  level. 

For  other  tests,  a  loop  was  used  in  the 
cavity  end  wall  (Figs.  7,  8,  and  9).  This 
measures  the  magnetic  field  which  is  pro¬ 
portional  to  the  electric  field. 

For  pulse  tests  the  crystal  detector  was 
found  convenient,  in  that  an  oscilloscope 
presentation  of  the  elec  trie  field  pulse  is 
provided.  To  obtain  reasonable  linearity  be¬ 
tween  RF  electric  field  and  rectified  voltage 
displayed  on  the  oscilloscope,  a  high  load  im¬ 
pedance  is  required  (10  k 71  is  typical)  .  To 
minimize  distortion  of  the  waveform  the  pro¬ 
duct  of  this  load  resistance  and  the  load  RF 
by-pass  capacitance  must  be  small.  This  necessi 
tates  the  use  of  a  special  capacitor  having. a 
few  micro-microfarads  capacitance  rather  than 
the  standard  capacitors  in  crystal  mounts  which 
sometimes  have  several  hundreds  of  micro-micro¬ 
farads. 

The  disadvantage  of  the  crystal  is  that  it 
has  to  be  calibrated  (most  crystals  are  non¬ 
linear)  and  the  calibration  has  to  be  checked 
regularly.  For  this  reason  the  bolometer  was 
preferred  for  the  CW  tests.  When  using  the 
crystal,  which  gives  a  signal  voltage  propor¬ 
tional  (after  correction)  to  RF  field,  this 
signal  squared  was  plotted  as  the  abscissa 
of  graphs  such  as  Fig.  12.  When  the  bolometer 
was  used,  the  output  power  (indicated  on  the 
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Hewlett-Packard  Model  430C  Microwave  Power 
Meter)  was  plotted  as  the  abscissa. 


If  the  cavity  is  "linear",  as  it  will  be 
when  only  ohmic  losses  are  present  (i“R 
losses  in  metal  walls  and  dielectric  losses 
in  window)  the  power  dissipated  (measured 
m  the  cooling  water ,  or  by  the  directional 
coupler)  varies  as  the  electric  field 
squared: 


YAd  is  s 


If  multipactor  exists,  this  is  no  longer 
the  case,  as  can  be  seen  fi  mi  Fig.  12  and 
others . 

To  detect  the  existence  of  multipactor  it 
is  necessary  only  to  measure  for  various 

values  of  E  ,  regardless  of  K,  and  to  plot 
the  results  as  shown.  In  this  investigation, 
however,  it  was  desirable  to  measure  the  abso¬ 
lute  value  of  electric  field,  so  that  the 
minimum  or  threshold  field  at  which  multi¬ 
pactor  began  could  be  checked  against  the 
theory. 


Two  methods  of  calibrating  the  field  probe 
to  obtain  absolute  values  of  field  were  used. 

In  one  method  the  approximate  relationship 
described  on  page  IS  and  in  Appendix  IV 
between  power  dissipated  and  equivalent  power 
transmitted  was  used.  For  a  measured  dissi¬ 
pation  an  equivalent  transmitted  power  was 
calculated.  Then,  by  using  the  equation  re¬ 
lating  power  to  field  strength  in  a  matched 
unperturbed  circular  waveguide  (page  11,  eq.  (3)) 
a  corresponding  electric  field  strength  was 
calculated,  and  used  for  calibrating  the  probe. 
This  is  only  approximate. 
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The  other  method  was  to  calculate  the  re¬ 
lationship  between  field  strength  and  total 
loss  in  the  cavity,  and  to  calibrate  the 
probe  on  this  basis,  for  a  given  measured 
loss.  The  calculation  is  given  in  Appendix  II 

4.3.5.  Analysis  Of  The  Window  Cavity 

A  field  analysis  of  the  window  cav: ty  was 
carried  out  to  obtain  a  better  understanding 
of  the  field  distribution  in  the  cavity  and 
to  determine  the  relationship  between  field 
strength  and  power  input.  The  analysis  ap¬ 
plies  to  a  cylindrical  cavity  with  a  dielec¬ 
tric  disc  at  the  center,  having  the  parameters 
shown  in  Fig.  11. 

The  cavity  was  designed  to  operate  in  the 
TE'i i !  mode.  Similar  field  patterns  exist  in 
both  the  vacuum  and  dielectric  sections  but 
the  value  of  the  propagation  constant  5  will 
be  different  in  each  section.  The  field 
equations  for  the  TE^]_  mode,  in  terms  of 
cylindrical  coordinates  z  (y  in  the  dielec¬ 
tric)  r  and  0,  are  given  in  Appendix  II. 

By  applying  the  appropriate  boundary  condi¬ 
tions  at  the  walls  and  at  the  vacuum-dielec¬ 
tric  interface  the  following  equation  is  ob¬ 
tained  which  gives  the  condition  for  resonance 

52  tan  5]_p  =  -5y  cot  (7) 

where  th  and  are  the  propagation  con¬ 
stants  in  the  air  and  dielectric  sections 
respectively,  q  is  1/2  the  dielectric 
thickness  and  p  the  space  each  side  of 
the  disc.  (see  Fig.  11) 
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DIELECTRIC  LOADED  CAVITY 
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RADIUS 


The  equation  was  used  to  calculate  values 
of  p  for  a  cavity  resonance  at  2700  Me  when 
loaded  with  an  alumina  and  a  beryllia  disc, 
and  compared  with  the  value  required  in 
practice. 

The  values  are  given  below  together  with 


the -relevant  cavity  parameters. 

Resonant  frequency 

2700  Me 

2700 

Me 

Cavity  radius 

4. 7  cm 

4.7 

cm 

Dielectric  thickness (2q) 

. 325cm 

. 508cm 

Relative  permittivity 

of  dielectric  (Er) 

9.0 

6.65 

Calculated  p 

1.79  cm 

1.62 

cm 

Actual  value  of  p 

1 . 64  cm 

1. 57 

cm 

The  discrepancy  in  the 

values  of 

p  is 

due  to  the  fact  that  the  calculated  value 


does  not  take  into  account  perturbations 
due  to  the  coupling  hole  or  the  viewing 
window. 

Calculation  of  the  Cavity  Q 

The  unloaded  Q  of  a  cavity  is  given  by 
the  following  expression: 


Qq  =  stored  energy 

mean  power  loss 


(8) 


where  ut'0  is  the  resonant  frequency. 
Since  the  mean  energies  stored  in  the 
magnetic  and  electric  fields  are  equal. 
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the  total  stored  energy  (U)  may  be 
calculated  by  considering  the  electric 
field  components  only. 


volume 


Details  of  the  calculation  are  given 
in  Appendix  II.  The  power  dissipated 
in  the  cavity  is  due  to  losses  in  the 
walls  and  the  dielectric.  The  wall 
losses  are  estimated  by  considering 
the  wall  currents j  due  to  the  field 
pattern  of  the  loss-free  case  (as 
given  by  equations  1  to  10  in  Appen¬ 
dix  II)  flowing  in  a  surface  of  re¬ 
sistivity  Rc .  For  copper  at  2700  Me 

b  "3 

the  value  of  Rs  is  14.3  x  10"-3  ohms/ 
square.  The  dielectric  loss  is  ob¬ 
tained  from  the  field  equations  and 
a  knowledge  of  the  loss  tangent. 

A  numerical  calculation  for  the  loaded 
O  of  the  cavity  gave  a  value  of  1800 
for  the  alumina-loaded  cavity  and  1100 
for  the  beryllia-loaded  cavity.  In 
practice  Q  values  of  this  order  were 
obtained.  (See  Tables  2  and  3)  There 
was  considerable  variation  in  the  measured 
value  of  Q  which  depended  on  the  condi¬ 
tion  of  the  surfaces,  seals  and  the  brazed 
joint  at  the  metal-dielectric  junction. 

4.4.  Observations  On  Multipactor  At  Microwave  Windows 
4.4.1  Experiments  With  Untreated  Windows 


In  order  tc  study  multipactor  effects 
at  microwave  windows,  several  plain  un¬ 
treated  ceramics  were  tested  using  the 
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EVAPORATED  TITANIUM  COATINGS  ON  BERYLLIA 
SUMMARY  OF  HIGH  POWER  TEST  RESULTS 
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resonant  cavity  method.  The  test  procedure 
was  to  increase  the  peak  power  gradually 
at  low  duty  cycle  until  a  multipactor  dis¬ 
charge  commenced.  This  would  be  indicated 
by  an  increased  pressure,  as  monitored  by 
the  getter  ion  pump,  a  change  in  forward  to 
backward  power  ratio  due  to  the  mismatch 
created  by  the  discharge  and  a  reduction 
in  the  reading  of  the  electric  field  probe 
in  the  cavity.  Values  of  forward  and  back¬ 
ward  power  were  recorded,  together  with  the 
readings  of  the  electric  field  probe  (pro¬ 
portional  to  the  square  of  the  field) ,  the 
pressure,  and  notes  on  visual  observations. 

A  plot  of  the  peak  power  dissipated  versus 
the  probe  reading  would  be  non-linear  in 
the  multipactor  region.  A  typical  result 
is  shown  in  Fig.  12,  which  shows  non-linear 
behavior  starting  at  a  peak  power  dissipa¬ 
tion  of  1.3  kilowatt  or  an  equivalent  trans¬ 
mitted  power  of  0.4  megawatts.  A  sample 
calculation  showing  how  these  numbers  were 
arrived  at  is  given  in  Appendix  IV. 

The  discharge  could  be  observed  visually 
through  perforations  in  one  of  the  cavity 
end  walls  and  would  consist  of  a  blue  or 
purple  glow  covering  the  surface.  Usually, 
the  intensity  of  the  glow  corresponded  to 
the  field  pattern  of  the  TE^  mode,  i.e., 
brightest  in  the  center,  but  sometimes  this 
pattern  was  distorted,  particularly  when  a 
magnetic  field  was  applied  to  the  window. 

A  typical  glow  pattern  is  shown  in  Fig.  13. 

The  effect  of  immersing  the  window  in  a 
static  magnetic  field  directed  parallel  or 
perpendicular  to  the  electric  component  of 
the  electro-magnetic  field  in  the  resonant 
cavity,  was  generally  to  cause  the  nultipac- 
tor  to  start  at  lower  values  -of  peak  power 
dissipation.  .Magnetic  field  strengths  up 
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to  1.5  times  the  cyclotron  resonance  value 
were  applied.  In  general,  the  higher  field 
strengths  caused  a  more  intense  discharge, 
but  certain  values  of  magnetic  field  would 
stop  the  discharge  completely.  The  values 
of  magnetic  field  strength  which  would  in¬ 
crease  or  decrease  the  intensity  of  a  multi- 
pa  c  tor  varied  from  window  to  window  and  no 
correlation  between  the  magnetic  and  electric 
field  strength  for  starting  or  stopping  a 
multipactor  could  be  determined.  Typical 
results  obtained  with  a  beryllia  window  are 
shown  in  Fig.  14.  The  threshold  power  levels 
for  window  multipactor  with  and  without  a 
static  magnetic  field  are  indicated.  A  plot 
of  power  dissipation  versus  electric  field 
strengths  squared,  for  various  values  of 
magnetic  field  are  shown  in  Fig.  15. 

The  threshold  power  levels  for  multipactor 
at  all  the  plain  windows  tested  curing  the 
program  are  shown  in  Table  1.  There  is  no 
marked  difference  between  the  field  strengths 
for  starting  multipactor  at  beryllia,  alumina 
or  quartz  windows.  Values  of  equivalent  trans 
mitted  power  at  which  multipactor  started  with 
nr  without  a  magnetic  field,  were  in  the  range 
0.1  to  0.6  megawatts.  This  is  the  power 
range  in  which  multipactor  effects  may  be  ex¬ 
pected  with  circular  disc  windows  operating 
at  S-band,  or  at  other  frequencies  if  the 
window  dimensions  are  scaled  linearly  with 
wavelength.  See  Section  4.2.2. 

Some  window  conditioning  was  observed.  In 
a  typical  case  multipactor  would  commence 
at  a  certain  power  level  when  the  windows 
were  first  exposed  to  high  power  microwave 
fields.  In  order  to  extinguish  the  multi¬ 
pactor  the  power  level  would  have  to  be 
reduced  below  the  starting  level.  After  a 
period  of  operation  with  a  multipactor 
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WINDOW  N*  TU-t  (BeO) 
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discharge,  the  threshold  power  would  increase 
sometimes  by  a  factor  of  2  or  3  until  a 
fixed  threshold  power  level  was  obtained. 

No  further  conditioning  would  then  occur. 

4.4.2  Gases  Evolved  During  A  Multipactor  Discharge 

A  multipactor  d-ischarge  at  a  ceramic  sur¬ 
face  is  invariably  accompanied  by  an  in¬ 
crease  in  pressure  within  the  test  unit. 

The  pressure  remains  at  a  high  value  while 
the  discharge  lasts,  returning  to  a  low 
pressure  immediately  after  the  multipactor 
stops . 

Various  explanations  for  this  effect  had 
been  suggested  as  follows: 

1.  A  continuous  disassociation  of  window 
material  under  the  influence  of  electron 
bombardment. 

2.  The  amount  of  adsorbed  gas  on  the  window 
and  other  surfaces  is  much  larger  than 
is  commonly  supposed. 

3.  Ionized  goccc  which  are  not  nnmnpd  hv 
the  appendage  pump,  such  as  argon,  may 
be  continuously  recirculated  within  the 
system, 

4.  There  is  a  gas  transport  mechanism  not 
presently  understood. 

To  investigate  the  nature  of  this  pressure 
rise,  a  study  was  made  of  gases  evolved 
during  a  multipactor  discharge  at  an  alumina 
surface-  A  standard  window  assembly  contain¬ 
ing  a  plain  uncoated  alumina  disc  was  used 
for  the  study.  The  window  was  assembled  in 
a  test  unit  to  which  a  Diatron  mass  spectro¬ 
meter  had  been  attached  and  processed  in 
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the  normal  way  (i.e.,  baked  at  400°C  for 
24  hours  during  evacuation  at  an  oil 
diffusion  pump  station) .  The  partial 
pressure  of  residual  gases  in  the  test 
unit  was  measured  with  the  unit  on  the 
diffusion  pump  system  prior  to  nip-off, 
just  after  nip-off  with  the  getter  ion 
pump  on  and  again  24  hours  later. 

After  checking  the  resonant  frequency, 
loaded  Q  and  input  vswr  of  the  unit  at  low 
power,  the  assembly  was  mounted  on  the  high 
power  waveguide  run.  A  photograph  of  the 
unit  mounted  for  testing  is  shown  in  Fig.  16. 

When  operated  at  high  microwave  power, 
multipactor  first  started  when  dissipating 
1..5  kw  peak  and  30  watts  average  power  in 
the  window  cavity,  and  was  therefore  typical 
as  can  be  seen  from  Table  1.  A  bright  dis¬ 
charge  glow  appeared  at  the  window  and  the 
pressure  indicated  by  the  getter  ion  pump 
increased  from  <10"8  Torr  to  10~6  Torr.  A 
mass  spectrometer  run  indicated  an  increase 
in  the  partial  pressure  of  hydrogen  from 
10”8  to  6  x  10-5  Torr,  the  partial  pressure 
of  CU  -r  ^2  and  CH4  increased  from  5  v  10” 
to  1  x  10"6  Torr  and  3  x  10“6  respectively. 

After  this  first  set  of  measurements  the 
window  was  operated  for  2  hours  at  37  kw 
peak  150  watts  average  dissipation  with  the 
multipactor  discharge  present;  the  getter 
ion  pump  was  operating  continuously  during 
this  period. 

A  further  mass  spectrometer  run  indicated 
a  decrease  in  the  partial  pressures  of  H2 , 

CO  ~  N2  and  CH^  to  1  x  IC"3,  5  x  10“^  and 

3  x  10 Torr  respectively.  changes  in  the 
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partial  pressures  of  the  principal  gases 
are  shown  in  Fig.  17. 

It  is  clear  that  the  dominant  gas  in  the 
system  was  hydrogen,  which  comprised  90% 
of  the  gas  evolved  during  multipactor. 

To  determine  the  effect  of  multipactor  in¬ 
tensity  on  the  evolution  of  gas  the  Diatron 
was  held  steady  at  the  hydrogen  mass  level. 
Switching  on  the  multipactor  caused  an  im¬ 
mediate  increase  in  the  hydrogen  partial 
pressure,  a  steady  value  being  reached  within 
a  few  seconds.  On  extinguishing  the  multi¬ 
pactor  the  partial  pressure  immediately  fell 
to  the  pre-discharge  value.  Varying  the  in¬ 
tensity  of  the  multipactor,  by  adjusting  the 
input  power  to  the  cavity,  caused  a  corres¬ 
ponding  variation  in  hydrogen  partial  pressure. 
Applying  a  crossed  magnetic  field  to  the 
cavity  of  sufficient  strength  to  extinguish 
the  multipactor  over  approximately  the  bottom 
half  of  the  disc  caused  the  partial  pressure 
to  decrease  by  one  half.  This  indicates  that 
the  volume  of  gas  evolved  is  proportional  to 
the  intensity  of  the  multipactor  and  to  the 
area  over  which  the  discharge  occurs. 

Several  conclusions  may  be  drawn  from  the 
results  of  this  experiment.  It  is  clear  that 
the  pressure  increase  observed  with  multipac¬ 
tor  is  not  due  to  disassociation  of  the  window 
material,  since  in  this  case  a  much  larger 
proportion  of  oxygen  would  have  been  present 
in  the  evolved  gases.  Since  90%  of  the  gas 
evolved  was  hydrogen,  the  pressure  increase 
cannot  be  attributed  to  argon  or  other  gases 
not  pumped  by  the  getter- ion  pump. 

The  most  plausible  explanation  is  that  the 
pressure  increase  during  multipactor  is  due 
to  outgassing  of  the  ceramic  surface  under 
the  influence  of  electron  bombardment. 
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OF  MULTIPACTORING  ON  CERAMIC  WINDOW 


The  gas  evolution  observed  resembles 
that  occurring  at  the  internal  surfaces 
of  electron  tubes  when  bombarded  with 
electrons.  Similar  types  of  gases  are 
evolved  in  about  the  same  relative  quan¬ 
tities.  The  rate  of  gas  evolution  de¬ 
creases  with  the  time  a  multipactor  is 
maintained  but  it  is  probable  that  many 
hours  of  operation  would  be  required  to 
outgas  the  ceramic  completely.  Gas  mole¬ 
cules  released  from  the  surface  of  the 
window  by  multipactor  will  strike  the  walls 
of  the  test  vehicle  many  times  before  they 
reach  the  getter  ion  pump  and  are  removed 
from  the  system.  Interaction  with  the  walls 
may  cause  further  gas  evolution  in  which 
case  the  pressures  measured  by  the  Diatron 
are  not  due  to  gases  released  by  the  ceramic 
alone.  It  can  be  concluded  that  gas  evolu¬ 
tion  is  a  by-product  of  multipactor  and  not 
an  integral  part  of  the  discharge.  Large 
quantities  of  gas  released  by  multipactor* 
even  after  a  prolonged  bakeout  during  eva¬ 
cuation  could  cause  considerable  deteriora¬ 
tion  in  the  vacuum  of  sealed  off  tubes. 

This  is  another  harmful  effect  of  multipac¬ 
tor  discharge. 

4 .  5  Evaporated  Titanium  Coatings 

4.5.1  Film  Thickness  Recruired 


The  film  thickness  necessary  for  the  sup¬ 
pression  of  multipactor  is  dependent  on  the 
penetration  depth  of  electrons  involved  in 
the  discharge.  At  microwave  frequencies 
the  penetration  will  be  small  since  maximum 
energy  gained  by  an  electron  accelerated  in 
an  RF  field  is  limited  to  that  gained  in 
one-half  cycle.  For  transmission  in  a 
circular  waveguide  3.7  inches  in  diameter 
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at  a  frequency  of  2700  Me  the  maximum 
energy  is  about  300  electron  volts  at 
1  Mw  and  3  kv  at  10  Mw.  Films  of  gold 
130  Angstroms  thick  are  reported  opaque 
to  electrons  of  less  than  one  kev  energy® 
and  only  a  small  fraction  of  20  kv  elec¬ 
trons  can  be  transmitted  |hrough  aluminum 
foil,  3.5  microns  thick.  Thus  films 
of  a  few  hundred  Angstroms  should  be  thick 
enough  to  suppress  secondaries  at  the  power 
levels  of  interest,  even  for  bombardment 
normal  to  the  surface.  In  the  gliding 
single  surface  multipactor  the  bombardment 
is  at  grazing  incidence. 


4.5.2 


Method 


jlication 


Evaporated  titanium  window  coatings  were 
prepared  in  a  commercial  vacuum  evaporating 
unit.  This  consisted  of  an  18-inch  vacuum 
bell  jar  equipped  with  an  oil  diffusion 
pump  and  liquid  nitrogen  trap  together  with 
vacuum  gauges  and  power  supplies. 


Titanium  metal  was  evaporated  from  a  fila¬ 
ment  made  of  alternate  .turns  of  .010  inch 
molybdenum  and  titanium  wire  wound  or.  a 
.030  inch  diameter  molybdenum  core.  To  eva¬ 
porate  titanium  the  filament  was  heated  to 
about  1200°C  by  current  from  a  low  voltage 
60  cycle  AC  transformer. 


Control  of  the  film  thickness  during  eva¬ 
poration  was  achieved  by  monitoring  the 
resistance  of  a  small  sample  located  next  to 
the  window.  At  the  beginning  of  the  program 
a  long  thiok  sapphire  bar,  metalized  on  two 
faces,  was  used  as  the  monitor.  This  pro¬ 
vided  a  short  resistance  path  with  a  large 
surface  area,  so  that  when  the  unmetal ized 
face  was  coated  the  bar  resistance  was  about 
100  times  less  than  the  resistance  per  square 
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of  the  coating.  This  allowed  high  values 
of  resistivity  to  be  easily  monitored. 

In  practice  this  monitor  was  net  satisfactory, 
particularly  for  the  heavier  coatings  used, 
since  the  short  resistance  path  was  easily 
contaminated  and  the  resistivity  values  of 
films  deposited  on  sapphire  are  different 
from  the  values  of  similar  films  deposited 
on  alumina  or  beryllia.  An  alumina  bar 
2  inches  long  x  1/4  inch  wide  having  a 
longer  resistance  path  (1/4")  was  then  em¬ 
ployed  and  proved  satisfactory. 

The  resistivity  of  thin  evaporated  films 
of  the  order  of  100  Angstroms  is  much  higher 
than  that  which  would  be  expected  from  cal¬ 
culations  based  on  the  resistivity  of  the 
metal.  This  is  due,  in  part,  to  the  tendency 
of  thin  films  to  form  discontinuous  coatings 
during  the  initial  stages  of  the  film  forma¬ 
tion.  This  is  fortunate  from  the  window- 
coating  point  of  view  since  it  allows  films 
of  sufficient  thickness  to  be  used  without 
high  surface  conductances  which. would  be  de¬ 
trimental  to  window  performance. 

A  typical  window  coating  process  would  pro¬ 
ceed  as  follows: 

a.  Assemble  the  filament  and  resistance 
monitor  on  the  bell  jar  plate  and  place 
the  window  to  be  coated  about  6  inches 
from  the  filament. 

b.  Close  the  bell  jar  and  pump  down  to  a 
pressure  below  1  x  10-^  Torr. 

c.  Supply  current  to  the  filament  and  allow 
the  vacuum  to  recover  to  below  1  x  10”^ 
Torr  while  the  filament  is  under  1000°C. 
This  is  to  outgas  the  filament. 
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d.  Raise  the  filament  temperature  gradu¬ 
ally  until  the  desired  coating  resist¬ 
ance  is  obtained. 

e.  Turn  off  the  filament,  allow  to  cool, 
open  the  bell  jar  and  remove  the  window. 

Even  though  the  filament  is  outgassed  below 
the  evaporating  temperature,  further  outgassing 
will  occur  as  the  filament  temperature  is 
increased.  This  causes  an  increase  in  pres¬ 
sure  which  will  result  in  some  contamination 
of  the  deposited  film.  It  is  necessary  to 
shield  the  substrate  from  the  filament  with 
a  shutter  during  the  outgassing  process  if 
pure  films  are  to  be  obtained  as  will  be 
described  below.  However,  films  deposited 
without  a  shutter  form  satisfactory  window 
coatings  and  have  the  advantage  of  possess¬ 
ing  a  higher  surface  resistivity. 

A  photograph  of  the  bell  jar  system  is 
Fig.  18.  A  detailed  specification  for  eva¬ 
porative  coating  of  windows  is  given  in 
Appendix  V. 
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The  properties  of  deposited  films  may  vary 
considerably  with  the  evaporation  procedure 
and  under  certain  conditions  the  residual 
gases  can  cause  severe  contamination  of  de¬ 
posited  films.  The  number  of  gas  molecules 
striking  the  substrate  per  unit  time  is  de¬ 
pendent  on  the  pressure,  temperature  and 
molecular  weight  of  the  gas.  At  a  pressure 
of  10"^  Torr  and  normal  temperatures  the 
arrival  rate  of  oxygen  is  of  the  order  of 
1  mono  molecular  layer  every  two  seconds. 

For  a  deposition  rate  of  100  Angstroms  per 
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Fig.  18 


Vacuum  Evaporation  Equipment 


minute  the  arrival  rate  of  the  film  material 
is  about  the  same.  Since  titanium  is  an 
active  metal  most  of  the  gas  molecules  can 
be  expected  to  react  to.  the  deposited  film. 
If  the  pressure  is  reduced  to  10“7  Torr, 
the  arrival  rate  of  gas  molecules  is  re¬ 
duced  by  a  factor  of  100. 


The  effect  of  pressure  on  the  resistance  of 
deposited  titanium  films  on  glass  substrates 
is  illustrated  by  the  results  of  experiments 
carried  out  using  equipment  of  the  University 
of  California.  The  electrical  resistance  of 
the  films  was  measured  during  deposition  and 
the  film  thickness  was  determined  by  an  optical 
interferometer  at  the  conclusion  of  the  deposi¬ 
tion.  A  shutter  prevented  deposition  on  the 
substrate  until  the  filament  temperature  and 
the  vacuum  level  stabilized.  Often  a  vacuum 
could  be  improved  an  order  of  magnitude  during 
this  stabilization  and  depositions  at  pressures 
lower  than  4  x  10”7  Torr  were  possible. 


The  results  are  shown  in  Figs.  19  and  20. 
Fig.  19  is  a  plot  of  resistance  versus  time 
for  depositions  at  2  different  pressures,  and 
Fig.  20  shows  film  resistance  versus  thickness 
assuming  a  linear  relationship  based  on  the 
thickness  values  measured  at  the  end  of  the 
coating  period.  The  results  are  in  fair 
agreement  with  the  behavior  of  thin  films 
as  discussed  in  the  literature.  Data  from 
Bond  10  is  shown  in  Fig.  20  for  comparison. 

4.5.4  Effect  Of  Exposing  Films  To  Air 

One  of  the  phenomena  experienced  with  thin 
titanium  films  is  their  tendency  to  oxidize 
on  exposure  to  air  at  atmospheric  pressure. 
This  is  particularly  the  case  with  films 
deposited  at  the  higher  pressures  which  show 
increases  in  resistivity  of  several  orders 
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of  magnitude  on  admitting  air  into  the  bell 
jar.  This  oxidation  causes  an  increase 
in  the  secondary  yield^  The  results  of 
Holland  and  Laurenson  show  that  maximum 
secondary  emission  coefficient  of  thin 
titanium  films  increases  from  .9  to  1.45 
on  exposure  to  dry  air. 

Since  coated  microwave  windows  used  in 
test  units  or  .in  an  actual  tube  must  in¬ 
evitably  be  subjected  to  different  atmospheres 
during  processing,  the  final  coating  resis¬ 
tivity  will  be  quite  different  from  the  ori¬ 
ginal  value  measured  during  deposition.  When 
using  coated  windows  therefore  it  is  important 
to  consider  all  the  processes  to  which  the 
window  is  subjected  in  addition  to  the  actual 
deposition.  However,  tube  windows  are  sub¬ 
ject  to  bakaout  under  vacuum,  a  process  which 
tends  to  reduce  any  oxides  which  have  been 
formed.  This,  and  possibly  additional  reduc¬ 
tion  due  to  electron  bombardment,  probably 
accounts  for  the  fact  that  most  of  the  coat¬ 
ings  tested  in  this  program  successfully 
suppressed  multipactor  after  vacuum  processing. 

4.5.5  Evaluation  Of  Titanium  coacings  At  High  Power 

To  evaluate  the  effectiveness  of  evaporated 
titanium  coatings  in  eliminating  multipactor 
at  waveguide  windows,  a  series  of  experiments 
were  carried  out  on  coatings  of  various  thick¬ 
ness  applied  to  beryllia,  alumina  and  quartz 
windows.  Coated  windows  were  tested  using 
the  resonant  cavity  method  described  in 
Section  4.3. 

For  the  main  series  of  coating  tests,  the 
evaporation  process  was  standardized  as  far 
as  possible.  A  typical  coating  would  take 
two  to  three  minutes  to  deposit  at  a  pressure 
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of  5  x  10"®  Torr.  Although  the  filament 
was  outgassed  below  the  evaporating  temper¬ 
ature,  no  attempt  was  made  to  shield  the 
window  from  the  filament  during  the  out- 
gassing  process.  The  behavior  of  coat¬ 
ings  deposited  at  lower  pressures  with 
the  aid  of  a  shutter  is  described  in 
Section  4.5.7. 

Coated  windows  were  assembled  into  test 
units  and  processed  as  described  in  Section 
4.3.  Low  power  measurements  were  made  on 
the  units  before  and  after  evacuation  and 
bakeout.  Normally  no  changes  would  occur 
except  in  the  case  of  thick  coatings  where 
changes  in  Q  were  sometimes  observed  after 
bakeout. 

Most  of  the  coatings  tested  suppressed 
multipactor  but  some  required  an  initial 
period  of  conditioning.  In  such  cases 
multipactor  discharge  would  occur  on  first 
exposing  the  window  to  high  intensity 
microwave  fields,  but  after  a  period  of 
operation  the  discharge  would  disappear. 

The  window  would  then  be  completely  free 

W  JL.  [|[U  ^  X  1.0 X  J  Ct  X  Xii XX  XX  X  X XX  X  XX  x  pew S  x 

dissipated  versus  field  strength  squared 
would  be  obtained  and  the  pressure  within 
the  test  unit  would  remain  steady  in  the 
region  of  10”®  Torr.  The  initial  multipac¬ 
tor  would  usually  be  weak  in  intensity  and 
would  not  show  a  nonlinearity  in  the  power 
dissipation  versus  field  strength  plot, 
although  the  discharge  would  cause  visible 
glow  and  a  pressure  increase  in  the  test 
unit.  The  length  of  the  conditioning  period 
varied  from  zero  to  about  1  hour.  In  general, 
thicker  films  required  little  or  no  condi¬ 
tioning,  the  thinner  the  film  the  longer  was 
the  conditioning  period. 
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In  most  of  the  tests ,  the  maximum  peak 
electric  fields  that  could  be  sustained 
at  the  window  surfaces  were  limited  by 
arcing  at  the  metal  dielectric  seal.  Arc¬ 
ing  occurred  at  the  top  or  bottom  of  the 
window  corresponding  to  the  region  of 
maximum  electric  intensity  in  the  TE^-^ 

mode.  The  threshold  field  strength  for 
arcing  varied  somewhat  from  window  to 
window,  but  for  pulse  widths  of  20  micro¬ 
seconds,  generally  occurred  when  the  maxi¬ 
mum  electric  field  strength  at  the  window 
surface  was  in  the  region  of  25  to  31  kv 
per  centimeter  corresponding  to  a  trans¬ 
mitted  power  of  20  to  30  megawatts  peak.  A 
typical  plot  is  shown  in  Fig.  20a. 


Windows  were  tested  at  the  highest  average 
powers  possible.  With  alumina  windows  the 
average  power  was  limited  by  dielectric  losses 
within  the  material  which  caused  the  windows 
to  crack  when  average  powers  of  about  200 
watts  were  dissipated.  Beryllia  windows  were 
capable  of  handling  much  higher  average 
powers.  An  average  power  dissipation  in  the 
window  cavity  of  about  900  watts  was  necessary 
to  cause  cracking  of  the  window.  However, 


.n stability  occurred  when 


nner  _ 


ating  at  average  power  above  about  700  watts 
because  of  the  excessive  heat  dissipation 
in  the  cavity  which  caused  a  rapid  drift  in 
the  resonance  frequency  in  spite  of  water 
cooling  on  both  side  and  end  walls  of  the 
cavity. 


The  results  of  high  power  tests  on  coated 
beryllia  and  alumina  windows  are  given  in 
Tables  2  and  3,  respectively.  A  total  of 
10  coatings  were  tested  nn  beryllia  windows. 
Of  these,  3  did  not  multipactor  at  all, 
and  6  showed  some  multipactor  initially 
which  cleared  up  after  a  period  of  condition¬ 
ing.  On  one  window,  multipactor  was  not 


*  Actual  dissipation  not  equivalent  average  transmitted  power. 
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eliminated  but  this  had  a  very  thin  coat¬ 
ing  (resistivity  10-^  ohms/square) .  Of 
8  coatings  tested  on  alumina  windows ,  7 
suppressed  multipactor  after  various 
periods  of  conditioning.  Only  1  coating 
failed  but  this  had  been  applied  to  the 
window  prior  to  brazing  ceramic  into  its 
assembly. 

Evaporated  titanium  coatings  with  re¬ 
sistivities  greater  than  10^  ohms/square 
did  not  affect  the  Q  of  alumina  or  beryllia 
cavities.  Thicker  films  tended  to  reduce 
the  Q  and  are  considered  unsuitable  for  use 
on  windows.  A  plot  of  cavity  Q  versus  film 
resistivity  is  shown  in  Fig.  21,  the  range 
of  film  resistivity  considered  suitable  for 
multipactor  is  indicated. 

During  the  conditioning  period  the  surface 
coating  undergoes  some  change  but  it  is  not 
clear  exactly  what  processes  occur.  Several 
possibilities  have  been  considered  as  follows: 

a.  Outgassing  of  the  window  surface. 

b.  Reduction  of  the  surface  coating. 

c.  Removal  of  contaminants  from  the  window 

surface . 

Adsorbed  gas  in  the  surface  of  any  material 
will  alter  the  surface  characteristics  con¬ 
siderably.  This  is  particularly  the  case 
with  the  secondary  emission  coefficient.  It 
is  not  unlikely,  therefore,  that  outgassing 
of  the  window  will  change  the  surface  pro¬ 
perties  in  such  a  way  as  to  be  unfavorable 
for  multipactor. 
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EFFECT  OF  EVAPORATED  TITANIUM  COATINGS  ON  CAVITY  Q 


COATING  RESISTIVITY  AT  DEPOSITION  (OHMS/SQUARE) 


It  is  known  that  thin  films  of  titanium 
oxidize  on  exposure  to  air , resulting  in 
an  increase  in  secondary  emission  coefficient. 
The  evacuation  and  bakeout  processes  to 
which  the  windows  are  subjected  tends  to 
reduce  the  oxides  but  this  process  is  not 
always  complete  *  Electron  bombardment  of 
the  coated  window  will  cause  further  reduc¬ 
tion  of  the  oxidized  titanium  films  and 
this  may  occur  during  the  cleanup  period. 

It  is  thought  that  contamination  of  the 
window  surface  during  processing  may  be 
contributing  to  the  need  for  window  clean¬ 
up.  For  example,  thin  films  of  copper  are 
commonly  found  in  window  surfaces  immediately 
after  exhaust.-  These  can  be  attributed  to  the 
deposition  and  subsequent  reduction  of  one 
of  the  compounds  of  copper  such  as  the  chloride 
or  oxide.  These  films  can  be  thicker  than 
the  penetration  depth  of  secondary  electrons 
and  will  thus  determine  secondary  yield  of 
the  surface.  Steps  were  taken  to  avoid  such 
contamination.  On  some  of  the  units  tested 
the  side  walls  of  the  cavity  were  coated  with 
titanium  in  addition  to  the  window  surface  and 
a  heiiarc  weld  in  the  exhaust  tabulation  {a 
possible  source  of  copper  oxide)  was  eliminated. 
However even  with  these  pr  ecautions  condi¬ 
tioning  was  still  necessary. 

Some  conditioning  has  been  observed  on  un¬ 
coated  windows.  The  threshold  level  of 
multipactor  will  sometimes  rise  as  time  pro¬ 
gresses,  However,  cleanup  is  generally 
more  pronounced  with  coated  windows.  This 
suggests  that  several  of  the  above-mentioned 
processes  may  be  involved. 
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4.5.6  Evaporated  Titanium  Coatings  On  Quartz 


Evaporated  titanium  films  showed  higher 
losses  when  applied  to  quartz.  The  Q  of 
a  quartz-loaded  cavity  decreased  from  2200 
to  700  when  the  quarLz  was  coated  with 
titanium  to  a  resistivity  at  deposition  of 
107  ohms/square  (measured  on  a  standard 
ceramic  control  piece) .  It  appeared  that 
the  smooth  glossy  surface  of  the  quax’tz 
produced  a  more  continuous  film  than  the 
ground  surfaces  of  alumina  or  beryllia. 

To  confirm  this  the  surface  of  a  quartz- 
disc  was  roughened  by  sandblasting  prior 
to  coating  with  titanium  to  a  resistivity 
of  107  ohms/square.  A  cavity-loaded  Q  of 
1700  was  then  measured  indicating  a  con¬ 
siderable  reduction  in  the  losses.  A  high 
power  test  carried  out  on  this  window  showed 
that  the  treatment  was  effective  in  suppress 
ing  multipactor  on  quartz. 

The  results  of  high  power  bests  on  plain 
quartz  windows  are  summarized  in  Table  4. 

The  first  test  was  carried  out  on  an  un¬ 
coated  window  to  determine  the  behavior  of 
quartz  when  subjected  to  high  intensity 
microwave  fields  and  to  provide  a  comparison 
for  the  results  of  coated  windows.  Severe 
multipactor  was  obtained  commencing  at  an 
equivalent  transmitted  power  in  the  region 
100-200  kw  peak.  The  behavior  of  the  window 
is  shown  in  Fig.  22. 

The  next  window  tested  had  a  very  thin 
coating  (resistivity  10*^  ohms/square 
measured  on  an  alumina  control)  which  did 
not  increase  the  window  losses.  With  this 
window,  multipactor  started  at  about  2  Mw 
equivalent  transmitted  power.  The  discharge 
was  less  intense  than  that  observed  on  the 
uncoated  window  and  some  conditioning  oc¬ 
curred,  but  multipactor  was  not  completely 
eliminated. 


40 


S3 


H 

1 

H 

E-i 

Q 

w 

e-1 

a! 

2 

i 

w 


£ 


w 


2  K 

A  -h 

*0 

14 

rH 

01 

l 

c 

on  oi 

4J 

•  *r4 

4J 

c 

09 

C7>  B 

U 

•H  4J 

a 

•5  H 

id 

G  0 

rH 

a 

0  G 

a 

4J  01 

•H 

•rl 

*a 

id 

4-1 

4-1  p 

G 

0  P 

i— 1 

■H  0 

g 

U  0 

'O  4J 

£ 

4J 

C  U 

o  u 

09 

0  id 

01 

**  s 

X. 

ai 

u  a,  ■ 

Cl 

cx  ■ 

u 

p 

•H  dJ 

id 

Si  H  d 

IQ 

01 

0)  4-1  01 

04 

on  « 

1 

> 

Brin 

u 

•4  H  4l 

01 

OS 

01 

C/5 

s 1  s 

9 

W 

8.5  § 

*-( 

■ 

111 

» 

0 

V 

a. 

01 

4J 

0) 

5  — 

tr 

a  w 

rd 

•H  4-1 

o 

o 

o 

P 

U)  4-1 

m 

in 

10 

4J 

is  a 

> 

•H  5 

< 

a  — 

•  'O 
oo  a; 

C  4) 

o 

(0  -u  s 

i 

1 

o 

P 

P  -H  £ 

rH 

0 

P  E  w 

> 

0 

a 

x 

l 

a 

■H  V 

a 

m  o  *-» 

IN 

o 

o 

a 

n  -p  > 

m 

o 

■h  «  * 

CN 

Q  11'' 

C 

o 

© 

P3 

o 

c 

o 

C< 

r4 

o 

m 

CM 

CN 

rH 

>i 

Cn  4J  r-* 

fi  -H  • 

■P  > 

4J  -H  tfl 

Cl 

o 

id  4-i  N 

c 

rH 

r* 

0  a  it 

0 

O 

© 

u  -p  e 

z 

rH 

rH 

w  A 

Gi  0 
OS  — 

g 

ai 

rH 

m 

c 

iTi 

10 

S0 

•S 

s 

u 

u 

U 

I 


I 


40a 


A  window  which  was  coated  (to  a  resis- 

n 

tivity  of  10  ohms/square  on  the  control) 
after  the  surfaces  had  been  roughened  by 
sandblasting  gave  a  satisfactory  performance. 

rjTVii  ^  +•  i  y*i  rr  +■  ■»  <•*▼  V*  4-  ^  on^n>**ofl 

lliC  LXilM  wu  o  tiixwwi  ww 

multipactor  completely  (apart  from  some 
intermittent  discharges  during  the  initial 
operation)  but  did  not  increase  the  window 
losses  unduly.  The  results  for  this  window 
are  plotted  in  Fig.  23. 

Quartz  windows  were  tested  at  average 
powers  up  to  60  watts  dissipation.  On 
attempting  to  increase  the  average  power 
beyond  this  value  changes  in  the  resonant 
frequency  and  the  coupling  of  the  cavity 
would  occur,  due  to  the  temperature  rise  in 
the  quartz ,  preventing  further  increase  in 
average  power.  Operating  at  the  maximum 
average  power  of  about  60  watts  dissipation 
sometimes  resulted  in  a  crazing  at  the 
center  of  the  quartz  indicating  excessive 
heating  of  the  material  in  that  region. 

4.5.7  Rapid  Evaporations  At  Low  Pressure 

A  number  of  experiments  were  carried  out 
on  coatings  evaporated  rapidly  at  low 
pressures,  to  determine  if  this,  process  gives 
better  coating  control.  A  shutter  was  used 
to  shield  the  window  to  be  coated  from  the 
evaporating  filament  while  the  latter  was  out 
gassed  and  the  system  pressure  was  reduced 
to  about  5  x  10"  Torr.  The  shutter  was 
then  removed  and  the  window  coated  in  a  few 
seconds . 

This  procedure  produces  a  stable  metallic 
film  which  is  largely  free  from  contamination 
The  film  resistivity  remains  steady  when  the 
system  is  let  down  to  air,  in  contrast  to 
films  deposited  at  higher  pressures  which 
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WINDOW  N*  063 
G.E.C.  QUARTZ 

SANDBLASTED  AND  Ti  COATED 


T - 1 — I  I  I’ Til - 1 - 1 - 1 — I 

10* 

IE  max ( V/cm  )8 


show  large  changes  in  resistivity.  For  a 
given  film  thickness  the  resistivity  is 
much  lower  for  films  deposited  at  low 
pressure,  which  means  that  they  have  higher 
RF  losses.  Two  ways  of  avoiding  the  high 
RF  losses  were  tried:  (a)  partially  oxi¬ 

dizing  the  film  after  deposition  and  (b) 
using  very  thin  films. 


The  first  coating  tested  was  applied^to 
an  alumina  disc  to  a  resistivity  of  10 
ohms/square.  This  was  then  partially  oxi¬ 
dized  by  heating  in  wet  hydrogen.  The  window 
was  then  assembled  in  a  test  unit  (C53)  and 
tested  at  high  power.  Considerable  multipac- 
tor  was  obtained  which  cleaned  up  at  low 
power  levels  after  a  period  of  operation 
but  was  not  completely  eliminated  at  the 
highest  powers  used  (30-40  Mw  equivalent 
transmitted  power) . 


A  window  coated  to  107  ohms/square  (C56) 
and  tested  without  subsequent  oxidation  also 
supported  multipactor.  Some  conditioning 
was  observed  but  the  discharge  was  not  com¬ 
pletely  eliminated,  although  a  graph  of  peak 


.  1  A  1*  J  M  M  4 


■  w m  1  m  4»  m  ^  %  A  1  ^ 


s trengthsquared  was  linear  indicating  that 
the  discharge  was  rather  weak.  A  somewhat 
thicker  coating  (resistivity  ft’  10^  ohms/ 
square)  was  tried  on  window  C57  which 
slightly  lowered  the  window  Q.  This  effec¬ 
tively  suppressed  multipactor  after  a  short 
conditioning  period.  The  results  of  these 
tests  are  summarized  in  Table  5. 


The  results  indicate  that  the  range  of 
coating  resistivity  satisfactory  for  use  on 
windows  is  very  limited  due  to  the  increased 
conductivity.  It  is  possible  though  that 
control  of  final  film  thickness  is  easier 
because  of  the  reduced  effect  of  processing 
subsequent  to  the  coating.  An  attempt  to 
reduce  the  conductivity  by  partially  oxi¬ 
dizing  a  film  was  not  successful. 
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EVAPORATED  TITAMIUM  COATINGS  APPLIED 
AT  LOU  PRESSURE  TO  ALUMIMA 
SUMMARY  Ol?  TEST  RESULTS 


I 

•o  e  i 

«  0  -r* 

N  U 

•H  H 

■a  9 

•H  •  1 

X 

°-5  5 

O'  **  A 

■5  3S  8 

8  >,3 

U  A  M 


O 


42a 


4. 6  Sputtered  Titanium  Monoxide  Coatings 


4.6.1  Preparation  Of  Coatings 

In  contrast  to  vapor  deposition,  coatings 
deposited  Toy  sputtering  are  not  dependent 
on  temperature  effects.  In  a  sputtering 
process  the  coating  material  is  removed  by 
high  energy  bombarding  ions.  The  sputtered 
molecules  have  energies  of  several  electron 
volts,  which  is  well  above  any  thermal  energy 
and  results  in  higher  impact  velocities. 

The  initial  work  on  sputtered  titanium 
monoxide  coatings  was  carried  out  during 
Task  B  of  the  program.  Coatings  were  pre¬ 
pared  in  a  glass  bell  jar  pumped  by  a  mercury 
diffusion  pump.  The  mercury  ions  for  this 
sputtering  process  were  obtained  from  the 
diffusion  pump?  mercury  pressure  in  the  bell 
jar  was  kept  constant  at  about  1  micron  by 
a  cold  trap  held  at  15°C  located  in  the 
pump  and  bell  jar.  At  this  pressure  the  mean 
free  path  was  greater  than  the  cathode-sub^- 
strate  distance.  Dispersion  of  the  sputtered 
molecules  by  collision  with  gas  molecules  was 
_  thus  avoided.,  resulting  in  maximum  sputter¬ 
ing  efficiency  and  a  good  substrate  bond. 

The  gas  density  was  not  high  enough  to  main¬ 
tain  an  adequate  discharge  with  a  dc  voltage 
alone  and  an  rf  field  was  necessary  to  con¬ 
fine  the  plasma.  This  was  generated  by  an 
HF  coil  wound  around  the  outside  of  bell  jar 
which  was  energized  by  a  27-megacycle  per 
second  oscillator  of  several  hundred  watts 
output  power.  The  ion  bombarding  energy  was 
1300  ev. 

A  photograph  of  the  bell  jar  arrangement  is 
given  in  Fig.  23a.  To  coat  a  window  the 
sample  is  placed  on  the  stand  and  the  system 
evacuated.  The  dc  and  rf  voltages  are  then 
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applied,  the  rf  coupling  being  adjusted  to 
achieve  the  desired  ion  current.  The 
amount  of  material  sputtered  is  dependent 
on  the  current  time  product.  However,  it 
is  preferable  to  sputter  at  high  ion 
currents  for  short  periods  since  film  con¬ 
tamination  by  background  gases  is  then 
minimized.  Sputtering  currents  used  during 
the  program  varied  from  4  to  10  milliamps. 

During  Task  C  some  windows  were  coated 
in  an  argon  sputtering  system.  The  sputter¬ 
ing  process  was  basically  the  same  as  that 
used  with  the  mercury  system,  the  difference 
being  in  the  use  of  argon  in  place  of  mercury 
sputtering  ions.  In  the  argon  system  an  oil 
diffusion  pump  and  cold  trap  were  used  to 
evacuate  the  bell  jar  to  10"6  Torr  prior  to 
the  introduction  of  argon  gas.  The  argon 
pressure  was  maintained  below  5  microns  and 
an  RF  oscillator  was  required  to  produce  a 
plasma  as  in  the  case  of  mercury  sputtering. 
The  same  bell  jar  was  used  on  both  systems. 

4.6.2  Coating  Control 

During  the  early  work  on  sput-ter-ing—  some  -  -  - 
experiments  were  carried  out  to  determine 
the  nature  of  the  coatings  produced.  Re¬ 
latively  thick  coatings  were  applied  to 
samples  of  alumina  and  silica.  The  temper¬ 
ature  coefficient  of  the  resistivity  was 
taken  as  an  indication  of  the  chemical 
composition  of  the  coating.  This  varies 
continuously  with  the  degree  of  oxidation 
in  a  known  manner  In  a  series  of 

experiments  the  distance  between  the  titanium 
momoxide  cathode  and  the  substrate  was 
varied  and  the  sputtering  rate  kept  con¬ 
stant.  Targets  at  a  greater  distance  showed 


44 


a  high  degree  of  oxidation.  Because  the 
coverage  rate  becomes  smaller  with  dis¬ 
tance  more  oxygen  or  other  impurities  are 
built  in  the  coating  and  the  observations 
indicate  the  quality  of  the  vacuum  was  not 
sufficient  for  reproducible  coatings.  How¬ 
ever,  coatings  in  an  actual  tube  have  to 
go  through  a  bakeout  process.  Several 
samples  of  coatings,  varying ' greatly  in  re¬ 
sistance  value  and  also  in  temperature  co¬ 
efficient,  were  sealed  in  a  glass  vacuum  en¬ 
velope  and  submitted  to  one  hour  bakeout 
at  about  350°C.  The  resistance  values 
changed  but  the  temperature  coef f icient‘ re¬ 
sistivity  was  practically  the  same  for  all 
samples  and  corresponded  to  that  of  T^C^. 
This  indicates  that  the  initial  composition 
of  the  coating  is  of  no  great  importance. 

During  the  initial  sputtering  experiments, 
coatings  were  classified  by  the  sputtering 
time  and  current.  However,  the  current  is 
sensitive  to  the  cathode  substrate  geometry 
and  small  changes  in  the  cathode  area  were 
found  to  alter  the  conditions  appreciably. 

In  later  work  (Task  C)  coating  resistivity 
was  measured  aiso.  Dume  "experiments  were 
carried  out  in  the  argon  system  to  determine 
the  relationship  between  the  sputtering 
conditions  and  the  coating  resistivity.  A 
typical  plot  of  resistivity  versus  time  for 
a  sputtering  current  of  4  milliamps  is 
shown  in  Fig.  24.  The  slope  of  this  curve 
varied  with  the  sputtering  current  in  a 
reproducible  ..manner .  Sample  coatings  were 
applied  to  glass  substrates  and  the  thickness 
later  measured  by  an  optical  interferometer. 
The  results  are  shown  in  Fig.  25  which  is  a 
semi-log  plot  of  resistivity  versus  thickness. 
Most  of  the  data  falls  on  a  straight  line  in¬ 
dicating  an  exponential  dependence. 
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EFFECT  OF  EVAPORATED  TITANIUM  COATINGS  ON  CAVITY  Q 
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TEST  STRIP  RESISTANCE  (OHMS) 


3456789  10 
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VARIATION  OF  RESISTANCE 
WITH  FILM  THICKNESS 
(TiO  SPUTTERED  IN  ARGON) 
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Evaluation  Of  Sputtered  Titanium  Monoxide 
4.6.3  Coatings  At  High  Power 

Experiments  with  titanium  monoxide  coat¬ 
ings  were  carried  out  in  Tasks  B  and  C. 

During  the  early  work  both  mercury  and 
argon  sputtered  coatings  were  tested. 

However ,  after  it  had  been  demonstrated 
that  similar  results  could  be  obtained 
with  both  mercury  and  argon  sputter ing * 
further  efforts  were  confined  to  the  argon 
method,  because  of  difficulties  in  using 
the  mercury  equipment  due  to  instability. 

The  results  obtained  from  coating  tests  on 
alumina  and  beryllia  windows  are  given  in 
Tables  6  and  7  respectively.  Conditioning 
was  again  observed  at  some  windows;  multi- 
pactor  would  occur  on  first  exposure  to 
high  intensity  microwave  fields  but  would 
disappear  after  a  period  of  operation. 

Once  a  window  had  been  conditioned  no 
further  discharges  would  occur  during  oper¬ 
ation  at  high  peak  or  average  power.  Multi- 
pa  c  tor  could  sometimes  be  induced  by  the 
application  of  a  crossed  magnetic  field  but 
such  discharges  would  clear  up  after  a  further 
period  of  conditioning.  Coated  windows  were 
tested  up  to  peak  powers  equivalent  to  42 
megawatts  of  transmitted  power  and  at  average 
power  dissipations  in  the  cavity  up  to  570 
watts.  Peak  powers  were  again  limited  by 
arcing  at  the  metal  dielectric  seal. 

Of  5  coatings  applied  to  alumina  in  an 
argon  atmosphere,  2  suppressed  multipactor 
completely,  2  required  some  conditioning, 
and  1  failed  due  to  insufficient  thickness. 

Two  of  the  coatings  decreased  the  loaded  Q 
of  the  test  cavity  and  are  considered  to  be 
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SPUTTERED  TITANIUM  MONOXIDE  COATINGS  ON  ALUMINA 
SUMMARY  OF  HIGH  POWER  TEST  RESULTS 
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SPUTTERED  TITANIUM  MONOXIDE  COATINGS  ON  BERYLLiIA 

SUMMARY  OF  HIGH  POWER  TEST  RESULTS 
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too  thick  for  use  on  windows.  A  graph  of 
loaded  Q  versus  coating  resistivity  is 
given  in  Fig.  26.  The  range  of  resistivity 
suitable  for  multipactor  suppression  is 
lCT  to  10^  ohms/square,  corresponding 
film  thickness  being  approximately  300  to 
550  Angstroms.  These  results  are  tentative 
since  they  are  based  on  limited  data. 

Two  Argon  sputtered  coatings  were  applied 
to  beryllia;  one  suppressed  multipactor  but 
the  other  was  considerably  thinner  and 
failed. 

A  total  of  3  coatings  were  deposited  in 
a  mercury  atmosphere.  Two  were  applied  to 
beryllia  and  suppressed  multipactor  com- 
oletely ,  the  other  was  applied  to  alumina 
and  suppressed  multipactor  after  a  period  of 
conditioning. 

Sputtered  coatings  tested  in  Task  B  were 
applied  in  the  form  of  dots.  This  was 
achieved  by  masking  the  window  with  a  nickel 
wire  mesh  flattened  in  a  press,  which  pro¬ 
duced  a  network  of  dots  0.75  millimeters 
_ _ -L.  - .s-.  nn°/  r\-f  t-lio  arpa.  The  dotted 

apo*  <_  A.U  vca.  J.W-J  - - - 

coating  was  used  to  demonstrate  the  migra¬ 
tion  effect  of  surface  coatings,  the  multi¬ 
pactor  suppressing  properties  gradually 
extending  over  the  complete  window  surface 
during  operation  at  a  high  power.  In  addi¬ 
tion,  coating  losses  were  reduced  by  the  use 
of  dots  and  consequently  the  coating  thickness 
could  be  increased. 

A  coated  alumina  and  a  coated  quartz  window 
were  tested  in  the  ring  resonator.  Both 
suppressed  multipactor  after  a  period  of 
conditioning.  The  alumina  window  was  tested 
after  84  megawatts  peak  at  15  kilowatts 
average  and  39  megawatts  peak  at  42  kilowatts 
average.  The  silica  window  would  not  perform 
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EFFECT  OF  ARGON  SPUTTERED  COATINGS  ON  Q 
OF  ALUMINA  LOADED  CAVITY 


properly  because  the  dots  were  sputtered 
on  too  thick.  The  electric  conductivity 
was  so  great  that  at  a  power  level  of  only 
10  megawatts  surface  sparks  developed 
between  the  dots,  which  made  high  power 
testing  impossible.  The  experiment  was 
not  repeated  with  the  proper  coating 
thickness . 

4.7  Grooved  Windows 


4.7.1  The  "Venetian  Blind"  Idea 


If  a  metal  "Venetian  blind"  is  arranged 
in  a  waveguide  with  the  blades  in  the 
direction  of  the  electric  equipotential 
surfaces,  the  passing  of  electromagnetic 
wave  is  not  greatly  disturbed.  Electrons, 
however,  cannot  pass  the  screen  in  the 
presence  of  the  electromagnetic  wave  if 
the  amplitude  of  oscillation  is  consider¬ 
ably  bigger  than  the  distance  between 
blades.  Such  a  screen  put  in  direct  con¬ 
tact  with  the  window  surface  would  prevent 
any  multipactor. 

A  practical  method  of  approximating  a 
Venetian  blind  at  a  window  oui  idut:  is  tu 
prepare  V-shaped  parallel  grooves  in  the 
surface  running  approximately  perpendicular 
to  the  electric  field.  To  determine  the 
effect  of  the  grooves  on  the  field  configur¬ 
ation  at  a  window  surface,  field  plots  were 
made  using  a  resistance  network  for  a 
dielectric  constant  of  8  and  4  and  for 
groove  angles  of  60°  and  120°.  A  dielectric 
constant  of  8  is  close  to  that  of  alumina 
and  4  is  close  to  that  of  silica.  The  re¬ 
sulting  fields  are  illustrated  by  equipo¬ 
tential  surfaces  in  Fig.  27  for  alumina  and 
Fig.  28  for  silica.  The  field  variation 
across  the  top  and  bottom  of  the  grooves  is 
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shown  in  Fig.  29  for  a  90°  groove  angle 
and  a  dielectric  constant  of  8.  For  electron 
amplitudes  smaller  than  the  groove  width 
the  field  inhomogeneity  effect  will  drive 
electrons  away  from  the  window  thereby 
tending  to  destroy  the  multipactor.  tn 
the  case  of  large  electron  amplitudes  the 
periodic  field  distortion  produced  by  the 
grooves  will  repel  electrons  away  from  the 
surface.  For  an  electron  oscillating 
across  the  crests  of  the  ridges,  the  high 
frequency  field  strength  variation  is  about 

30%.  Because  of  the  high  frequency  of 
this  disturbance  the  energy  in  the  jitter 
oscillation  remains  low  and  the  repelling 
action  on  the  electrons  is  small. 

The  presence  of  the  grooves  tends  to 
prevent  the  gliding  type  of  multipactor 
because  there  exists  no  tangential  inci¬ 
dence  of  electrons.  Electrons  can  strike 
only  near  the  crests  of  the  ridges.  The' 
troughs  should  be  free  of  multipactor  be¬ 
cause  of  lack  of  space.  Under  electron 
bombardment . the  crests  should  charge  posi¬ 
tively,  if  the  secondary  emission  coeffi¬ 
cient  is  above  unity,  and  the  grooves 
negatively,  because  electrons  accumulate, 
resulting  in  an  alternating  dc  field  which 
focuses  electrons  away  from  the  window. 

4.7  .2  Manufacture  Of  Grooved  Windows 

Two  methods  were  used  to  manufacture 
grooved  windows.  The  first  method  con¬ 
sisted  of  forming  the  window  in  alumina 
powder  prior  to  the  firing  process.  A 
specific  amount  of  powder  was  pressed 
between  grooved,  hardened  and  polished 
steel  plates.  After  firing,  the  outer 
cylindrical  edge  was  ground  to  size  but 
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the  groove  surfaces  did  not  require  finish¬ 
ing.  This  method  was  used  for  making 
alumina  windows.  The  second  method , 
used  on  silica  windows,  consisted  of 
grinding  the  surface  of  a  plain  disc  with 
a  diamond  contour  wheel  followed  by  a 
firepolishing.  A  photograph  of  a  grooved 
window  is  given  in  Fig.  30. 

4.7.3  High  Power  Experiments  On  Grooved  Windows 

Most  of  the  experiments  on  grooved  windows 
were  carried  out  in  Task  B  using  the 
Stanford  Ring  Resonator.  The  results  are 
summarized  in  Table  8. 

The  first  three  windows  tested  were 
grooved  alumina  windows  all  of  which  sup¬ 
ported  multipactor.  No  discharge  was  visible 
near  the  bottom  of  the  grooves,  the  lumi¬ 
nosity  being  concentrated  at  the  crests. 

Fig.  31  contains  a  series  of  photographs 
taken  at  intervals  during  the  rise  in  power. 
It  can  be  seen  that  the  greatest  discharge 
glows  occur  at  the  lower  powers  (6  to  8 
megawatts) ,  The  luminosity  is  concentrated 
in  the  outer  region  of  the  window  at  these 
powers  due  to  the  variation  in  field  strength 
across  the  surface.  At  higher  levels  a  more 
uniform  glow  is  evident. 

The  first  two  windows  failed  at  34  and  36 
megawatts  equivalent  transmitted  power 
because  of  internal  arcing.  The  failures 
originated  at  the  bottom  of  some  of  the 
grooves  not  at  the  crests  where  the  multi¬ 
pactor  takes  place.  It  is  believed  that 
the  puncturing  is  a  run  away  condition 
starting  at  small  overheated  spots  caused 
by  a  localized  impurity  or  by  a  semi-loose 
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AL  300  GROOVED  WINDOW  #2,  WITHOUT  COATING 


6  MEGAWATTS 


8  MEGAWATTS 


1  C  MEGAWATTS 


10-13  MEGAWATTS 
(SURFACE  ARCING) 


»»Cr.A\*MTTC 


48  MEGAWATTS 
(INTERNAL  ARCING) 


BACKLIGHTED 
(WINDOW  DAMAGED) 


Fig.  31 
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ceramic  particle  on  the  surface.  The 
damage  is  thus  indirectly  connected  to 
the  multipactor  through  the  temperature 
rise  of  the  window.  The  third  window  to 
be  tested  was  first  sandblasted  to  remove 
loose  particles.  This  window  withstood 
78  megawatts  and  failed  after  the  average 
power  was  raised  to  20  kilowatts  equivalent 
at  a  peak  pulse  power  of  28  megawatts. 

A  number  of  grooved  silica  (Amersil 
Optical  Grade}  windows  were  tested.  Most 
of  these  had  90°  v  grooves  with  1.5  milli¬ 
meter  pitch  but  on  window  B16  (Window  No. 

16  in  Task  B)  the  pitch  was  reduced  to 
0.75  millimeter  and  on  Window  B18  to  0.37 
millimeter.  Faint  discharges  were  observed 
at  low  power  levels  (3  to  10  megawatts) 
but  at  higher  powers  these  disappeared  com¬ 
pletely.  Fig.  32  shows  a  series  of  photo¬ 
graphs  taken  during  the  testing  of  Window  B9 
With  very  long  exposures  (40  seconds  f  32 
ASA  3000)  a  faint  luminosity  at  the  lower 
power  levels  can  be  observed,  which  dis¬ 
appears  completely  at  higher  energy  levels. 
The  4th  picture  shows  the  reflection  of  a 
waveguide  arc  in  the  granular  structure 
caused  by  the  grinding  of  the  grooves.  The 
last  picture  had  an  exposure  time  of  3 
minutes  at  f  8  for  the  film  sensitivity  of 
ASA  3000. 

Window  B10  had  plain  surfaces  which  were 
roughened  by  sandblasting.  The  object  was 
to  determine  if  sandblasting  could  replace 
the  more  complicated  grooving.  A  negative 
result  was  obtained  when  tested  at  high 
power,  the  windows  showed  multipactor  and 
fa iied. 


From  theoretical  considerations  discussed 
in  Section  4.7.1  it  is  clear  that  window 
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SILICA  WINDOW  #9  WITHOUT  COATING 


3-5  MEGAWATTS 


9-14  MEGAWATTS 


18-24  MEGAWATTS 


30-43  MEGAWATTS 
(WINDOW  ILLUMINATED 
BY  ARC  IN  WAVEGUIDE) 


84  MEGAWATTS 


Fig.  32 


51a- 


grooving  will  suppress  multipactor  if 
the  grooves  are  perpendicular  to  the 
direction  of  the  electric  field  but  not 
otherwise.  In  order  to  demonstrate  this 
experimentally,  window  Bl?  was  assembled 
with  the  grooves  vertically,  that  is, 
parallel  to  the  electric  field.  During 
the  high  power  test  this  window  showed 
considerable  multipactor  and  failed. 

The  failure  of  window  BIO  occurred  at 
the  center  of  the  disc  and  appeared  to 
be  thermal  in  nature.  The  destruction 
is  illustrated  in  Fig.  33.  The  voids  in 
the  material  shown  in  the  enlargements 
indicate  that  local  melting  of  the  material 
had  occurred.  The  destruction  in  window 
B13  occurred  at  the  edge  of  the  window  and 
no  plastic  deformations  as  in  window  BIO 
could  be  found.  It  is  likely  that  the 
destruction  started  at  the  window  edge  due 
to  the  mismatch  which  occurred  during  oper¬ 
ation.  The  damage  is  shown  in  Fig.  34. 

Experiments  with  surface  grooves  in  quartz 
and  beryllia  were  carried  out  during  Task  C. 
Grooves  were  made  by  grinding  the  window 
surface  with  a  diamond  contour  wheel  having 
a  90°  v-shaped  profile  to  give  a  groove 
pitch  of  1.5  mm. 

During  a  test  on  the  grooved  quartz  window 
some  multipactor  was  observed  during  the 
initial  operation  in  the  region  of  0.1  Mw 
to  0.5  Mw  equivalent  transmitted  power. 

As  the  power  was  increased  the  discharge 
glow  moved  from  the  center  to  the  edges  of 
the  disc  where  the  electric  intensity  is 
weaker.  This  indicates  that  the  discharge 
occurs  when  the  average  distance  traveled 
by  an  electron  is  less  than  the  groove  pitch. 
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WINDOW  NO.  10  (AMERSIL,  OPTICAL  GRADE) 


Fig.  34 
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For  greater  electron  distances  the  multi- 
pactor  is  effectively  suppressed.  Con¬ 
ditioning  of  the  window  surface  occurred 
and  after  a  period  of  operation  the  window 
was  free  of  multipactor.  A  linear  plot 
of  power  dissipated  versus  the  square  of 
the  field  strength  was  obtained  and  is 
shown  in  Fig.  35.  The  application  of  a 
crossed  magnetic  field  of  about  300  gauss 
caused  some  nonlinear  effects  at  low  power 
levels  but  these  disappeared  after  a 
period  of  operation. 

With  the  grooved  beryllia  window,  multi¬ 
pactor  occurred  and  was  not  eliminated 
even  after  several  hours  of  operation. 
Measurements  were  taken  after  1-1/2  hours 
and  4  hours  operation  and  the  results  are 
given  in  Fig.  36.  There  is  little  differ¬ 
ence  in  the  two  plots.  The  intensity  of 
the  discharge  increased  with  power  but  a 
decrease  occurred  in  the  region  of  5  Mw 
equivalent  transmitted  power.  At  this 
point,  the  grooves  apparently  had  some 
inhibiting  effect  on  the  multipactor  but 
this  was  not  sufficient  to  eliminate  the 
discharge  completely.  At  higher  powers 
the  intensity  increased  again. 

4.7.4  Coatings  On  Grooved  Windows 

Since  surface  grooves  in  alumina  did  not 
suppress  multipactor,  the  effect  of  apply¬ 
ing  surface  coatings  in  addition  to  the 
grooves  was  tried  in  Task  B.  Coatings 
were  applied  to  the  crest  of  the  ridges 
only  by  sputtering  titanium  monoxide. 
Windows  so  treated  showed  no  multipactor 
and  were  capable  of  taking  the  full  power 
of  the  ring  resonator,  i.e.,  85  megawatts 
peak  at  15  kilowatts  average  equivalent 
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PEAK  POWER  DISSIPATED  (KILOWATTS) 


GROOVED  WINDOW  C-65 


G.E.C.  QUARTZ 
UNCOATED 


I  10  100 

EQUIVALENT  TRANSMITTED  POWER 
(MEGAWATTS) 


Fig.  35 
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PEAK  POWER  DISSIPATED  (KILOWATTS') 


GROOVED  WINDOW  TU-43 
COORS  BD 96  BERYLLIA 
UNCOATED 


O.l  I  10 


EQUIVALENT  TRANSMITTED  POWER 
(MEGAWATTS) 


FIG.  36 
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transmitted  powers  and  by  increasing 
the  pulse  rate  40  megawatts  at  43 
kilowatts  average. 

Window  B6  was  coated  on  half  the  surface 
only.  This  was  done  in  order  to  demon¬ 
strate  visually  the  suppression  of  the 
roultipactor  by  the  coating.  The  effect 
is  evident  in  Fig.  37.  The  left  half  is 
coated  and  shows  no  multipactor.  During1 
operation  the  multipactor  suppression 
gradually  spread  across  the  whole  of  the 
window  until  it  was  eventually  eliminated 
altogether.  Thereafter  the  window  remained 
completely  quiet  at  power  levels  from  3 
to  17  megawatts.  The  irregular  bright 
lines  in  the  3rd  and  4th  pictures  of  Fig.  37 
are  faults  in  the  photographic  material. 

4 . 8  Experiments  With  Other  Window  Coatings 

4.8.1  Silicon  Oxide  Coatings 

Multipactor  was  completely  suppressed  on 
all  of  the  grooved  silica  windows  that  were 
tested  at  high  power.  It  was  therefore 

rif  i  o  4-  4-  jt\  aa/v  i  f  ai  on  r  f  a/*ia  i  T\  rf  a  ^ 

V  J.  1  VW  ^  V  W  V  U  W  ur  V  W  «•>  M.  M  M  vu  V  w  ^  — 

silica  on  grooved  alumina  windows  would  eli¬ 
minate  multipactor.  Silica  coatings  would 
introduce  no  appreciable  resistive  losses 
which  exist  to  some  extent  on  titanium  sub¬ 
oxide  coatings j  and  for  this  reason  the 
coating  thickness  would  not  be  critical. 

Two  coating  methods  were  tried: 

(a)  Vacuum  evaporation  coating  with  sili¬ 
con  monoxide  by  vaporizing  from  a 
tantalum  boat  followed  by  heating  in 
air  in  order  to  transform  at  least  the 
surface  of  the  coating  into  silica , 
(Si02)  . 
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AL  300  GROOVED  WINDOW  #6  HALF  COATED  WITH  Ti.O* 


3  MEGAWATTS 


5  MEGAWATTS 


6-9  MEGAWATTS 


1M8  MEGAWATTS 


15  MEGAWATTS 


45-52  MEGAWATTS 


Fig.  37 
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COATED  GROOVED  WINDOWS 
SUMMARY  OF  TEST  RESULTS 


ft  ft 
05  CJ 
0  3 
ft  0 
tjr>  ft 


\z 


a 

X 

ft 

1 

c 

ft 


I  ft 
-H  0 
ft  ft 

r-l  U 

£  & 


<1 

a 

i-i 

3 

•ft 

(0 

ft 


Si 

<< 

AS 

n3 

CJ 

ft 


a 

> 

< 

x 

(3 

0 

ft 


frJ 

C 


0 

z 


ro 


O 

aj 

u 

3 

i— { 

•ft 

P 

ft 

O 

Z 


w 

CJ 


c 

•ft 

CJ 

05 

0 

o 


3 

0 

T3 

C 

-ft 


0 

T3 

i  v 

u 

O 

f  a 

nS: 

> 

> 

ft 

Q 

ft 

o 

0 

3 

i  i-i 

ft 

L0 

,  U 

O 

»H 

ns 

• 

O 

o 

ft 

O 

o 

CJ 

,  m 

m 

ft 

d 

ft 

ft 

£ 

< 

< 

LO 

« 

ft 

C 

a 

rn 

H-r 

t7> 

C 

■ft 

ft 

•ft 


S  <4-1 


0 

z 


LO 


m 


LO 


rO 

LO 


U5 

CJ 

>* 


0 

s 


L/l 


(N 


o 

r- 

oj 

ft 

3 

rH 

■H 

3 


0 

a 


.rt! 


T3 

CJ 

> 

0 

0 

ft 

u 


O 

o 

ro 

•4 

< 


vD 

33 


05 

05 

>< 


■<* 


o 

03 

O 

-ft 

L0 


rsj 


u 

■H 

L0 


33 

O 

> 

0 

0 

ft 

o 


o 

o 

ro 

i-3 

< 


r— 1 

33 


2 

LO 


91.  16. 

3C0  Grooved  SiO_  91.  16.  40.  43.  Yes 


(b)  Reactive  sputtered  coating  of  the 

window  with  pure  silica  by  sputter¬ 
ing  silicon  in  an  atmosphere  of  equal 
parts  of  argon  and  oxygen. 

The  first  method  is  well  known  for  pro¬ 
tective  coating  of  metal  mirrors  and  also 
as  a  dielectric  coating  for  vapor  deposi¬ 
tion  condensers.  The  structure  of  the 
layers  obtained  is  that  of  silica  with 
atomically  dispersed  silicon.  This  method 
was  used  to  coat  a  grooved  alumina  window 
(No.  B14) ,  which  was  then  tested  at  high 
power  in  the  ring  resonator.  The  operation 
of  the  window  was  relatively  stable  but 
multipactor  was  obtained  which  did  not  dis¬ 
appear.  However,  the  discharge  was  weaker 
than  on  an  uncoated  window.  It  was  thought 
that  the  excess  silicon  might  have  had  an 
effect  on  the  secondary  emission  and  there¬ 
fore  the  pure  silica  coating  by  process  2 
was  tried. 

In  this  method  a  high  frequency  plasma  (20 
megacycles)  was  generated  in  an  argon  oxy¬ 
gen  mixture  at  a  pressure  of  10"^  Torr. 

The  target  was  transistor-grade  silicon  and 
the  bombarding  ion  energy  1200  electron 
volts.  Tne  structure  of  the  coating,  ac¬ 
cording  to  Sinclair  and  Peters  -*-3,  is  that 
of  silicon  glass.  The  coating  thickness 
was  estimated  to  be  a  few  thousand  Angstroms. 
A  coating  applied  by  this  method  was  tested 
on  window  B15  at  high  power.  The  result  was 
essentially  the  same  as  that  of  window  B14 
coated  by  method  A.  Multipactor  was  ob¬ 
tained  but  was  less  intense  than  that  ob¬ 
tained  with  an  uncoated  window. 
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The  reason  for  the  difference  in  multi- 
pactor  behavior  between  grooved  windows 
of  pure  silia  and  alumina  with  silica 
coatings  is  not  clear.  Either  the  coat¬ 
ings  were  too  thin  and  the  microfield 
of  the  base  material  still  affected  the 
secondary  electron  emission  of  the  surface, 
or  the  difference  in  the  dielectric  con¬ 
stant  (a  factor'  of  2.6)  has  considerable 
effect  on  the  field  distortion  at  the 
surface . 

4.8.2  Diffusion  Coatings 

In  addition  to  vacuum  deposition  and  sputter 
ing,  another  method  of  preparing  titanium 
suboxide  coatings  on  ceramic  surfaces  was 
developed  independently  by  the  Processing 
and  Materials  Laboratory  at  Eitel-McCullough , 
Inc.,  following  a  method  specified  by 
Dr.  Leonard  Reed.  The  method  consists  of 
spraying  the  surface  to  be  treated  with  a 
solution  containing  crushed  Ti02  and  sub¬ 
sequently  firing  at  1420-C  in  hydrogen. 

During  heat  treatment  diffusion  of  the  ti¬ 
tanium  into  the  ceramic  occurs  and  an  in¬ 
termediate  phase  is  formed  between  the 
ceramic  and  the  surface  coating.  Due  to 
the  hydrogen  atmosphere  reduction  of  the 
T1O2  occurred  leaving  the  required  ti¬ 
tanium  suboxide  surface  coating.  It  was 
thought  that  coatings  applied  in  this 
manner  might  have  greater  stability  and 
offer  advantages  in  production.  Accordingly, 
sample  coatings  were  tested  in  this  program. 

As  this  procedure  produces  thick  coat¬ 
ings  which  tend  to  produce  excessive 
losses  in  the  window,  the  coating  was 
applied  in  the  form  of  dots  to  reduce  the 
overall  amount  of  material  on  the  disc  surface 
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In  spite  of  this  precaution,  increased 
window  losses  were  observed.  The  coat¬ 
ing  was  tested  on  several  windows  during 
Task  C,  but  was  not  successful  in  eli¬ 
minating  rnultipactor .  In  the  first 
window  tested,  C42 ,  rnultipactor  started 
at  an  equivalent  transmitted  power  of 
about  half  a  megawatt  and  increased  in 
intensity  as  the  power  was  raised.  The 
whole  ceramic  surface  was  illuminated  by 
a  pink  glow  and  the  dark  spots  of  the 
coating  could  be  clearly  seen.  It  ap¬ 
peared  that  rnultipactor  occurred  between 
the  dots  where  the  discharge  was  brightest. 
Although  some  conditioning  was  observed, 
rnultipactor  was  not  eliminated.  At  an 
equivalent  transmitted  power  of  9  mega¬ 
watts,  arcing  between  the  dots  occurred 
in  addition  to  the  steady  rnultipactor 
and  prevented  further  increase  in  power. 

In  window  C42  which  had  a  lighter  coating 
similar  results  were  obtained  except  that 
in  this  unit  no  arcing  between  the  dots 
was  observed. 

It  appeared  that  the  rnultipactor  dis¬ 
charge  may  have  been  confined  to  the  area 
between  the  dots.  Accordingly,  a  con¬ 
tinuous  coating  was  tested  (window  C62) 
but  severe  rnultipactor  was  again  obtained. 

The  coatings  produced  by  this  method 
were  rather  thick  and  in  order  to  avoid 
excessive  window  losses  it  was  necessary 
to  reduce  the  thickness  by  etching.  This 
may  have  removed  most  of  the  titanium 
suboxide  leaving  only  the  intermediate 
phase  which  probably  has  very  different 
secondary  emission  properties. 
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4.8.3  The  Effect  Of  A  Brazing  Process  On 
Window  Coatings 

Most  of  the  coatings  tested  during  this 
program  were  applied  to  windows  which  had 
already  been  brazed  into  an  assembly.  In 
many  tube  designs ,  especially  at  the  higher 
microwave  frequencies,  windows  are  located 
in  inaccessible  oositions  which  would  make 

M. 

them  difficult  to  coat  after  assembly. 

The  solution  to  this  problem  would  be  to 
coat  the  ceramic  prior  to  brazing  into  the 
tube  structure,  provided  the  brazing  pro¬ 
process  was  not  detrimental 
to  the  coating  performance.  Since  brazing 
takes  place  in  a  reducing  atmosphere  it  was 
anticipated  that  titanium  coatings  would 
survive  the  process.  A  titanium-hydrogen 
reaction  occurs  at  elevated  temperatures 
but  this  reaction  is  reversible.  Thick 
coatings  are  liable  to  peel  off  due  to 
volumetric  changes  associated  with  the 
titanium  hydride  phase,  but  thin  coatings 
should  not  be  affected. 

A  beryl! ia  window  coated  by  evaporating 
titanium  to  a  resistivity  of  10^  ohms/squar e 
showed  no  multipactor  when  tested  in  a 
standard  cavity.  The  window  was  removed, 
heated  to  750°C  in  dry  hydrogen,  assembled 
in  another  test  unit  and  reprocessed.  On 
testing  at  high  power  no  multipactor*  occurred. 

An  alumina  and  a  beryl lia  disc  were  coated 
by  evaooratir.g  titanium  to  resistivities  of 
10  and  10  ohms/square  respectively,  prior 
to  brazing  into  assemblies.  On  subsequent 
testing  at  high  power  severe  multipactor 
was  obtained  with  the  alumina  window.  The 
beryllia  window  supported  a  little  multi¬ 
pactor  initially  which  cleared  up  after  a 
short  period  of  operation. 
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One  sputtered  titanium  monoxide  coating 
was  tested;  this  was  applied  to  an  alumina 
disc  in  an  argon  atmosphere  prior  to  braz¬ 
ing  the  disc  into  assembly.  This  coating 
suppressed  multipactor  after  an  initial 
period  of  conditioning. 

Of  the  4  coatings  subjected  to  brazing 
cycles,  3  retained  their  multipactor  sup¬ 
pression  properties  and  one  did  not.  The 
reason  for  the  failure  is  uncertain;  the 
coating  was  thinner  than  the  others  but 
sufficiently  thick  to  suppress  multipactor 
under  normal  conditions.  It  is  the  prac¬ 
tice  to  remove  parts  from  the  brazing 
furnace  when  the  temperature  has  fallen  to 
100-2CC°C.  This  may  have  been  hot  enough 
to  cause  excessive  oxidation  of  the  titanium, 
film  in  air. 

From,  these  results  it  can  be  tentatively 
concluded  that  titanium,  coatings  will  survive 
a  brazing  process  in  dry  hydrogen.  Further 
experiments  under  controlled  conditions  will 
be  necessary  to  confirm,  this. 
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4.9.1  The  Arcing  Problem 


The  maximum  peak  power  that  could  be  dissi¬ 
pated  in  the  window  cavities  during  Tasks 
A  and  C  was  invariably  limited  by  arcing  at 
the  metal-dielectric  junction  either  in  vacuum 
or  in  SFg  at  20  pounds  per  sq.  inch.  This 
arcing  occurred  at  the  top  and  bottom  of  the 
cavity,  corresponding  to  the  regions  of  maxi¬ 
mum  electric  intensity  in  the  TE-, -  mode. 

1x1 


The  threshold  power  for  arcing  varied 
somewhat  from  window  to  window  but  for  pulse 
widths  of  20  microseconds,  generally  occurred 
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when  the  maximum  electric  field  strength 
at  the  window  surface  was  in  the  region 
of  25  to  31  kv/cm  corresponding  to  a 
transmitted  power  of  20  to  30  Mw  peak. 

These  field  strengths  are  enhanced  at 
sharp  points  and  ridges  in  the  region  of 
the  metal-dielectric  seal  and  it  is  be¬ 
lieved  that  this  is  responsible  for  ini¬ 
tiating  breakdown. 

The  nature  of  the  window  braze  has  a 
considerable  influence  on  the  arcing 
threshold.  Normally  windows  were  sealed 
into  cylinders  with  a  minimum  of  braze 
material  but  with  one  assembly  (C36)  a 
large  amount  of  braze  was  used  which  formed 
thick  fillets  at  the  seal.  This  resulted 
in  arcing  at  the  junction,  due  to  enhance¬ 
ment  of  the  electric  field  at  the  edge  of 
the  fillet,  at  field  strengths  equivalent 
to  a  transmitted  power  of  only  6  Mw  peak. 

The  arcing  threshold  is  also  dependent 
on  the  pulse  width.  During  high  power 
experiments  on  window  cavities  the  rectified 
RF  pulse  was  monitored  on  an  oscilloscope. 
Arcing  at  the  window  seal  was  observed  to 
shorten  the  pulse.  At  the  sparking  threshold, 
the  last  1  or  2  microseconds  are  chopped  off 
the  normal  20  microseconds  pulse.  On  in¬ 
creasing  the  input  power  a  greater  portion 
of  the  fiulse  is  chopped  off,  but  a  consider¬ 
able  increase  in  power  is  required  to  re¬ 
duce  the  complete  pulse.  Typical  pulse 
distortions  are  illustrated  in  Fig.  38. 

It  seemed  probable  that  with  shorter  pulse 
widths  higher  peak  powers  would  be  obtained. 
Accordingly,  the  modulator  delay  line  was 
modified  in  a  temporary  manner  to  provide 
shorter  pulses.  A  number  of  window  units 
were  then  tested,  the  peak  power  for  arcing 
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(a)  20  /as  PULSE  ,  ARCING  THRESHOLD 


(b)  20  /is  PULSE  ,  PEAK  POWER  INCREASED  50  % 


(c)  3/as  PULSE  ,  ARCING  THRESHOLD  (HIGHER  POWER) 


DISTORTION  OF  RECTIFIED  R.F.  PULSE  DUE  TO 
ARCING 


Fig—  38 
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being  measured  at  3,  10  and  20  microsecond 
pulse  widths.  The  results  are  shown  in 
Fig.  39.  Since  the  actual  values  varied' 
from  unit  to  unit  they  have  been  plotted 
as  a  percentage  of  the  threshold  power 
for  arcing  at  a  pulse  width  of  3  micro¬ 
seconds.  It  can  be  seen  that  a  consider¬ 
able  reduction  in  peak  power  occurs  as  the 
pulse  width  is  increased.  Decreasing  the 
pulse  width  from  20  to  3  microseconds 
enabled  the  peak  power  to  be  increased  by 
an  average  of  80%.  These  results  indicate 
that,  at  the  power  levels  of  interest, 
time  intervals  of  in  the  order  of  several 
microseconds  are  required  for  the  density 
of  charged  particles  in  the  vicinity  of 
the  window  seal  to  build  up  to  the  arcing 
level  and  that  the  threshold  power  for 
arcing  is  critically  dependent  on  the 
charged  particle  density  under  the  conditions 
mentioned. 

4.9.2  Methods  Of  Increasing  The  Arcing  Threshold 

In  order  to  increase  the  peak  power 
handling  capability  of  the  windows  various 
methods  of  reducing  the  electric  intensity 
at  the  metal -dielectric  junction  were  tried. 
One  attempt  to  weaken  the  electric  field  at 
the  seal  was  by  the  use  of  arc  suppressor 
rings  situated  near  the  ceramic  surface.  A 
window  design  employing  such  rings  is  shown 
in  Fig.  40.  The  object  of  the  rings  is  to 
divert  electric  field  lines  from  the  junction, 
thereby  reducing  the  chance  of  arcing  at 
this  point. 

A  window  assembly  built  to  this  design  was 
tested  in  a  unit  pressurized  with  SF^  gas 
on  both  sides  of  the  ceramic  but  the  results 
were  disappointing.  Arcing  occurred  at  a 
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ARCING  POWER  (%  OF  VALUE  WITH  3  fJiS  PULSE) 


PULSE  WIDTH  XflS) 


EFFECT  OF  PULSE  WIDTH  ON 
PEAK  POWER  FOR  ARCING 


FIG.  39 
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WATER  JACKET 


STNLS .  SEAL 
FLANGE 

CERAMIC  WINDOW 


WINDOW  CAVITY  WITH  ARC  SUPPRESSOR  RINGS 


Fig.  40 
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comparatively  low  power.  The  breakdown 
appeared  to  originate  at  the  uneven  edge 
of  the  metal izing  which  in  this  design 
extended  over  part  of  the  ceramic  face. 

It  is  probable  that  the  seal  geometry 
could  be  improved  by  modifying  the  de¬ 
sign  but  work  on  this  window  was  stopped 
in  favor  of  more  promising  methods. 

Another  way  of  reducing  the  electric  in¬ 
tensity  at  the  seal  is  by  means  of  dielec¬ 
tric  fillets  adjacent  to  the  ceramic  and 
the  metal  cylinder. 

The  arrangement  is  shown  in  Fig.  41.  Due 
to  the  higher  permittivity  the  electric  in¬ 
tensity  has  a  lower  value  in  the  dielectric 
and  the  metal-dielectric  junction  is  effec¬ 
tively  transferred  to  a  position  of  weaker 
standing  electric  field.  One  problem  is  to 
find  a  suitable  material  which  can  be  applied 
to  the  window  after  brazing.  It  should  bond 
to  metal  and  ceramic ,  have  a  high  dielectric 
strength,  a  low  loss  factor  and  withstand 
a  high  temperature  bakeout  under  vacuum. 

Most  epoxy  resins  are  unsuitable  because  of 
the  temperature  re quire me  However  r n 

order  to  test  the  principle,  a  window  con¬ 
taining  fillets  of  Araldite  502  was  assembled 
in  a  modified  test  unit  which  could  be 
pressurized  with  SFg  gas  on  both  sides  of 
the  ceramic.  When  tested  at  high  power  with 
a  20  microsecond  pulse  width  this  unit  with¬ 
stood  field  strengths  equivalent  to  35  Mw 
peak  transmitted  power  prior  to  breakdown. 

This  is  about  30%  higher  than  the  usual  arc¬ 
ing  limit.  Arcing  caused  cracking  in  the 
Araldite  fillets  which  permanently  reduced 
the  peak  power  handling  capability  of  the 
window.  The  success  of  this  approach  will 
deperdon  the  development  of  a  suitable 
dielectric  material  and  application  technique. 
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METAL  CAVITY  WALL 
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DIELECTRIC  FILLETS  AT  CERAMIC -METAL 
JUNCTION  IN  RESONANT  CAVITY 


Fig.  41 
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4.10  Alternative  Window  Designs 


4.10*1 


Flanged  (or  "H")  Window 

Another  approach  to  solving  the  arcing  prob¬ 
lem  was  to  use  a  completely  different  window 
geometry  in  which  the  metal  dielectric  junc¬ 
tion  is  located  in  a  position  of  weak  electric 
field.  Such  a  design  is  shown  in  Figs.  42 
and  43.  A  specially  shaped  ceramic  is  used 
which  has  an  H  type  cross  section.  The  ex¬ 
ternal  surfaces  of  the  ceramic  are  metalized 
and  copper-plated  to  form  the  waveguide  wall. 
To  evaluate  the  design  an  alumina  ceramic 
part  was  manufactured  and  the  test  cavity 
assembled  by  clamping  the  ceramic  between  end 
plates . 


The  first  high  power  test  was  carried  out  in 
air  at  atmospheric  pressure.  Arcing  occurred 
at  an  equivalent  transmitted  power  of  20  mega¬ 
watts  peak  which  compares  with  thp  arcing 
threshold  of  about  2  megawatts  peak  for  a 
standard  window  under  similar  conditions.  The 
arc  resulted  from  the  breakdown  of  air,  it 
occurred  at  the  ceramic  surface  in  the  center 
of  the  disc  at  the  position  of  maximum  elec¬ 
tric  intensity  and  was  observed  as  a  bright 
blue  streamer.  The  arc  was  concentrated  at 
the  disc  center  and  did  not  extend  to  the 
outer  edge  where  all  previous  breakdowns  had 
been  observed. 

By  introducing  SF^  gas  at  atmospheric 
pressure  into  both  sides  of  the  cavity,  the 
breakdown  strength  was  improved  and  higher 
peak  powers  were  possible.  Under  these  con¬ 
ditions  similar  arcing  occurred.  The  equi¬ 
valent  transmitted  power  was  112  megawatts 
peak  and  280  kW  average  for  this  test.  The 
average  power  dissipated  was  kept  below 
100  watts  to  avoid  damaging  the  ceramic 
through  overheating. 
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FLANGED  (H-TYPE)  WINDOW  ASSEMBLY 
VACUUM  VERSION 


FIG.  42 
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4.10.2 


To  enable  the  window  to  be  examined  under 
vacuum  conditions,  one  of  the  seals  was 
modified  to  provide  a  vacuum-tight  joint. 
Prior  to  assembly  the  ceramic  was  coated 
by  evaporating  titanium  to  a  resistivity 
of  10^  ohms/square  to  eliminate  multipac- 
tor  discharges.  A  standard  test  unit  was 
then  assembled  and  processed  in  the  normal 
way. 

During  the  first  high  power  test  on  the 
vacuum  version  of  this  window,  some  arcing 
occurred  at  the  sealing  ring  even  though 
the  seal  was  apparently  located  in  a  posi¬ 
tion  of  weak  electric  field.  This  arcing 
was  found  to  be  originating  at  the  sharp 
edge  of  the  heliarc  ring  which  was  brazed 
on  to  the  end  of  the  ceramic.  On  removing 
this  edge  no  further  breakdowns  were  ob¬ 
tained.  The  window  was  then  capable  ot 
supporting  peak  powers  up  to  an  equivalent 
of  100  megawatts  transmitted  power  without 
arcing. 

Dome  Window- 


Having  demonstrated  that  surface  coatings 
can  successfully  eliminate  multipactor  on 
flat  disc  windows,  it  was  decided  to  extend 
the  experimental  work  to  include  curved 
surfaces  also.  Cone  or  dome-shaped  windows 
offer  certain  advantages  compared  with  discs 
(e.g.,  they  have  greater  potential  bandwidth) 
but  have  been  out  of  favor  for  high  power 
applications  in  recent  years  because  of  their 
tendency  to  support  strong  multipactors  which 
result  in  failures  due  to  overheating. 

To  demonstrate  that  evaporated  titanium 
surface  coatings  can  successfully  eliminate 
multipactor  on  curved  surfaces,  experiments 
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were  carried  out  with  a  dome-shaped  alumina 
ceramic.  This  was  assembled  in  a  cylindri¬ 
cal  resonant  cavity  as  shown  in  Fig.  44. 

A  photograph  of  the  dome  mounted  on  a  flange 
is  given  in  Fig.  45.  Prior  to  assembly  the 
inner  curved  surface  of  the  ceramic  was 
coated  by  evaporating  titanium  to  prevent 
the  multipactor.  This  side  of  the  window 
cavity  was  then  evacuated,  the  other  side 
being  pressurized  with  SFg  gas  during  high 
power  testing.  As  the  peak  power  was  in¬ 
creased  intermittent  multipactor  occurred 
at  the  lower  levels,  but  disappeared  after 
conditioning.  At  a  power  dissipation  of 
about  10  kilowatts  peak  corresponding  to 
7  megawatts  peak  transmitted  power,  heavy 
loading  of  the  cavity  occurred  preventing 
further  increase  in  power.  A  bright  glow 
which  was  concentrated  at  one  position  at 
the  edge  of  the  window  was  observed  and  could 
be  intensified  by  a  magnetic  field.  It  is 
not  clear  whether  this  loading  was  due  to 
arcing  or  a  multipactor  type  discharge.  If 
the  latter,  it  was  of  an  unusual  type  since 
it  was  concentrated  in  one  region.  Possibly 
a  two-surface  multipactor  occurred  between 
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which  may  have  been  coated  too  thinly.  To 
investigate  this  a  further  test  was  planned 
in  which  the  base  plate  was  coated  with 
titanium  in  addition  to  the  ceramic,  to 
eliminate  the  possibility  of  a  two-surface 
multipactor.  Unfortunately,  the  ceramic 
dome  was  cracked  during  processing  and  the 
experiment  could  not  be  performed.  Time 
did  not  permit  the  building  of  a  new  test 
unit. 


Since  multipactor  was  eliminated  at  the 
lower  power  level,  the  experiment  indicates 
that  the  coating  was  successful.  The  nature 
of  this  spurious  discharge  needs  to  be  in¬ 
vestigated  in  further  tests. 
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VIEWING  PORT  AND 
EXHAUST  TUBULATION 
-» - ASSEMBLY 


Fig.  45 


"Dome"  Window  Assembly 
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5.  CONCLUSIONS 


This  section  commences  with  a  general  discussion 
of  the  results  of  the  investigation  and  ends  with  a 
summary  of  the  conclusions. 

Prior  to  the  inception  of  this  work  it  was  known 
that  discharges  are  liable  to  occur  at  microwave  windows 
when  operated  at  high  power ;  but  the  nature  of  such 
discharges  was  not  well  understood.  A  single-surface 
multipactor  mechanism  had  been  suggested  to  explain  ex¬ 
cessive  heat  dissipation  at  ceramic  cylinders  used  in 
certain  types  of  klystron  cavities  and  it  seemed  likely 
that  a  similar  mechanism  could  occur  at  flat  disc  windows 
used  in  waveguides.  The  results  of  the  present  work  con¬ 
firm  this  speculation.  It  is  clear  that  multipactor  dis¬ 
charges  invariably  occur  when  microwave  windows  are 
operated  at  high  power  unless  steps  are  taken  to  eliminate 
them. 


A  simple  theory  based  on  the  motion  of  an  electron 
in  an  RF  and  static  electric  field  appears  to  offer  a 
satisfactory  explanation  ’which  is  in  accordance  with 
experimental  observations.  The  critical  factors  which 
determine  the  power  level  at  which  a  multipactor  will 
commence  are  the  maximum  energy  which  free  electrons  may 
gain  from  the  electric  field,  the  secondary  emission 
characteristics  of  the  window  surface,  and  the  value  of 
the  force  which  returns  electrons  to  the  surface.  In 
the  absence  of  a  magnetic  field  this  force  is  dependent 
on  static  charges  at  the  window.  When  the  maximum  elec¬ 
tron  energy  is  greater  than  the  first  cross  over  potential 
of  the  secondary  emission  characteristic  curve,  multipac¬ 
tor  is  likely  to  occur.  The  secondary  emission  properties 
vary  considerably  with  surface  conditions,  the  effect  of 
adsorbed  gas,  for  example,  can  be  expected  to  increase 
the  secondary  yield.  This  explains  the  conditioning 
process  which  is  observed  during  a  multipactor.  A  sus¬ 
tained  discharge  at  a  window  surface  removes  adsorbed  gas, 
thus  lowering  the  secondary  yield,  and  increasing  the  first 
cross  over  potential.  Subsequently,  higher  electron 
energies  or  higher  transmitted  powers  are  necessary  to 
start  a  discharge. 
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Multipactor  is  detrimental  to  window  performance 
■because  it  results  in  excessive  heat  dissipation  at  the 
window  (which  may  cause  window  failure)  and  also  liber¬ 
ates  large  amounts  of  gas  which  causes  a  deterioration 
in  the  vacuum  of  a  sealed-off  tube,  and  increases  the 
possibility  of  arcing. 

Multipactor  at  waveguide  windows  can  be  eliminated 
by  surface  coatings  of  titanium  suboxide.  The  coatings 
may  be  applied  by  evaporating  titanium  in  vacuum  or  by 
sputtering  titanium  monoxide  in  an  argon  or  a  mercury 
atmosphere.  Both  methods  produce  satisfactory  coatings 
if  certain  precautions  are  taken.  The  vacuum  evapora¬ 
tion  method  is ■  the  simpler,  but  the  nature  of  the  coating 
produced  is  dependent  on  the  system  pressure  and  the  rate 
of  evaporation,  which  must  be  kept  -  constant  if  repro¬ 
ducible  results  are  to  be  obtained.  The  sputtering  method 
requires  more  equipment  which  must  be  set  up  and  maintained 
very  carefully.  Sputtered  coatings  are  also  dependent 
on  pressure  and  sputtering  rate.  No  difficulty  has  been 
experienced  with  the  adhesion  of  evaporated  or  sputtered 
coatings  since  only  thin  films  are  employed. 

Both  types  of  coating  may  be  controlled  by  monitoring 
the  resistance  of  a  test  strip  during  deposition.  This 
will  allow  reproducible  coatings  to  be  obtained  provided 
the  conditions  of  deposition  do  not  vary.  The  sputtering  - 
current  and  time  provide  an  alternative  method  or  moni¬ 
toring  the  coating  thickness  but  changes  in  the  geometry 
or  ambient  pressure  will  cause  variations. 

Since  the  coatings  are  thin  films  they  are  subject 
to  change  on  exposure  to  air  due  to  oxidation  but  sub¬ 
sequent  bakeout  under  vacuum  causes  a  reduction  of  the 
oxide.  The  final  oxygen  content  of  the  films  is  dependent 
on  the  time  and  temperature  of  the  vacuum  bakeout  and 
the  degree  of  initial  oxidation.  The  conditioning  ob¬ 
served  with  coated  windows  is  probably  connected  with 
changes  in  the  film  in  addition  to  the  removal  of  ad¬ 
sorbed  gas.  Bombardment  with  electrons  will  tend  to 
reduce  the  coating  thus  decreasing  the  secondary  yield. 
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Grooves  cut  in  the  surface  of  a  window  perpendicular 
to  the  electric  field  decrease  the  intensity  of  multipactor 
at  alumina,  beryllia  and  quartz  surfaces  but  the  discharge 
is  completely  eliminated  only  in  the  case  of  quartz.  This 
is  not  fully  understood.  It  is  possible  that  variations 
in  the  field-shaping  method  may  eliminate  multipactor  at 
alumina  and  beryllia. 

During  the  course  of  the  investigation  it  became  ap¬ 
parent  that  the  main  limitation  to  the  peak  power  handling 
capability  of  the  windows  tested  was  arcing  at  the  metal- 
dielectric  seal.  The  arcing  threshold  was  dependent  on  the 
nature  of  the  seal  and  the  pulse  width.  It  is  speculated 
that  arcing  is  originated  by  field  emission  currents  which 
occur  due  to  local  enhancement  of  the  electric  field  at 
sharp  points  and  ridges  at  the  metal-dielectric  seal. 
Secondary  charged  particles  will  be  generated  by  bombardment 
of  adjacent  surfaces  and  collisions  with  stray  molecules. 
Arcing  occurs  when  the  charged  particle  density  reaches  a 
critical  level.  During  a  multipactor  discharge  more  charged 
particles  are  available  and  from  theoretical  considerations 
the  arcing  threshold  would  appear  to  be  lower. 

To  summarize,  the  main  conclusions  of  the  work  are 
briefly  stated  in  the  following: 

Multipactor  at  waveguide  windows  of  alumina,  beryllia  or 
quartz  is  liable  to  occur  at  transmitted  powers  above  about 
100  kw  peak  (the  corresponding  value  of  E/tu  being  1.05  volts 
per  cm.  per  Me.  The  threshold  power  is  largely  independent 
of  frequency.  Multipactor  is  accompanied  by  the  liberation 
of  gas.  An  analysis  of  gases  liberated  during  a  multipactor 
discharge  at  an  alumina  surface  indicates  that  the  gas  evo¬ 
lution  is  a  secondary  effect  of  the  multipactor  and  results 
from  outgassing  of  the  window  surface. 

Multipactor  can  be  eliminated  by  coating  the  window 
surface  by  evaporating  titanium  in  vacuum,  or  sputtering 
titanium  monoxide  in  an  argon  or  a  mercury  atmosphere. 
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Coating  thickness  can  be  effectively  controlled  by  moni¬ 
toring  the  surface  resistivity  during  deposition.  For 
coatings  prepared  by  evaporating  titanium  at  a  pressure 
of  10“®  Torr  a  resistivity  range  of  10®  to  10^  ohms/ 
square  is  suitable  for  alumina  and  beryl lia  windows.  For 
quartz  with  an  optical  finish  the  lower  limit  of  resistivity 
needs  to  be  increased  to  avoid  additional  RF  losses.  De¬ 
finite  limits  of  coating  resistivity  for  quartz  have  not 
been  established.  Sputtered  titanium  monoxide  coatings  with 
resistivities  in  the  range  107  to  10^  ohms/square  are 
suitable  for  alumina  and  beryllia  windows. 

Window  coatings  have  been  tested  up  to  peak  field 
strengths  equivalent  to  100  Mw  peak  transmitted  power  and 
average  dissipations  equivalent  to  over  300  KW  of  average 
transmitted  power.  Some  coatings  require  a  period  of  con¬ 
ditioning  on  first  exposure  to  high  power  microwaves,  but 
the  final  performance  of  such  coatings  is  satisfactory. 

Grooves  cut  in  the  window  surface  perpendicular  to  the 
electric  field  eliminate  multipactor  at  quartz  windows  and 
decrease  the  intensity  of  multipactor  at  alumina  and  beryllia 
windows.  Of  the  three  groove  sizes,  1.50,  0.75  and  0.37  mm, 
the  smallest  is  to  be  preferred.  Multipactor  can  be  eliminated 
on  grooved  alumina  windows  by  coating  the  crests  with  titanium 
suboxide . 

The  peak  power  capacity  of  the  windows  tested  was  limited 
by  arcing  at  the  metal-dielectric  seal.  An  increase  in  the 
threshold  power  for  arcing  was  achieved  by  coating  the  seal 
area  with  dielectric.  Better  results  were  obtained  with  a 
specially  shaped  window  of  "H"  cross  section  in  which  the 
metal-dielectric  junction  was  located  in  a  position  of  weak 
electric  field.  A  window  of  this  design  supported  field 
strengths  equivalent  to  100  Mw  peak  power  without  arcing. 
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6.  RECOMMENDATIONS 


From  the  work  carried  out  during  this  investigation, 
it  is  apparent  that  multipactor  is  a  major  problem  with 
high-power  microwave  windows.  It  has  been  demonstrated 
that  multipactor  can  be  eliminated  by  certain  window 
treatments.  Such  methods  have  been  thoroughly  evaluated 
and  shown  to  give  consistent  results. 

Certain  areas  of  thei  work  merit  further  investiga¬ 
tion.  It  has  been  shown  that  the  window  coatings  are 
subject  to  change  under  certain  environments  and  the 
ability  of  coatings  to  withstand  normal  tube  production 
processes  has  not  been  fully  evaluated.  While  some 
coatings  have  been  subjected  to  brazing  processes  and 
retained  their  ability  to  eliminate  multipactor,  others 
have  not  and  the  reasons  for  this  inconsistency  are  not 
clear . 


It  is  conceivable  that  other  coatings  and  applica¬ 
tion  methods  would  be  successful  in  eliminating  multi¬ 
pactor  and  offer  improvements  over  the  methods  presently 
used.  Coatings  which  were  not  subject  to  change  on 
exposure  to  various  environments  would  be  an  advantage. 
However,  it  should  be  pointed  out  that  all  coatings  and 
surfaces  are  subject  to  contamination.  It  is  the  upper 
most  film  which  determines  the  secondary  emission  pro¬ 
perties  of  the  surface.  Thus  any  processes  carried  out 
subsequent  to  window  coating  which  may  result  in  the 
deposition  of  other  materials  {e.g.,  any  heating  or 
brazing  process)  is  liable  to  alter  the  surface  condition. 

Although  grooved  windows  have  met  with  limited 
success  during  this  program,  the  method  has  worked  well 
with  one  material  and  partially  eliminated  multipactor 
at  the  other  window  materials  tested.  A  variation  on 
this  approach  may  provide  a  more  efficient  means  of 
multipactor  suppression.  The  method  has  the  advantage 
of  not  being  subject  to  changes  when  exposed  to  various 
atmospheres,  though  surface  contamination  could  cause  a 
discharge  in  borderline  cases  where  the  multipactor  is 
only  just  suppressed. 
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The  role  of  gases  evolved  at  the  window  during  a 
discharge  has  not  been  fully  explained.  The  evidence 
so  far  indicates  that  gas  evolution  is  a  secondary 
effectj  but  it  is  possible  that  gases  may  be  more 
closely  involved  in  the  discharge.  Gases  adsorbed 
on  the  window  depend  on  previous  treatment  and  atten¬ 
tion  to  such  treatment  may  offer  means  of  improving 
the  window.  For  example ,  varuum  firing  the  ceramic  at 
high  temperature  prior  to  assembly  may  reduce  the  gas 
content. 

Another  major  problem  which  has  been  emphasized  by 
the  present  work  is  arcing  at  the  window  seal.  Windows 
which  had  been  made  mul tipactor-resistant  by  suitable 
coatings  invariably  failed  due  to  arcing  at  this  point. 
Further  studies  on  arcing  at  the  seal  and  its  dependence 
on  such  factors  as  metalizing,  brazing  and  local  geometry 
are  recommended.  Some  progress  with  this  problem  has 
been  achieved  under  the  present  contract  by  the  use  of  a 
new  window  design  which  is  less  subject  to  arcing.  It 
is  believed  that  further  work  using  this  approach  would 
be  worthwhile. 
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APPENDIX  I 


Mathematical  Analysis  Of  Multipactor  Motion  On  A 
Single  Dielectric  Surface  With  No  Static  Magnetic  Field 


ttv'tt-t  7  v  r  r7  mr  7  7'  7-7-r— 

Y  X  - - 


Let  vQ  he  the  initial  velocity  of  a  secondary  electron, 
having  components  vQX  and  vQy  in  the  x  and  y  directions. 

Let  E  be  an  alternating  electric  field  parallel  'to  the 
surface . 

Let  E<ic  be  a  static  electric  field  normal  to  the  surface. 

The  differential  equations  of  motion  for  an  electron  will 
be: 


d2x  =  e_  ^ E  sin  xt  ]  (1) 

dt2  m 


CEdc]  (2) 

dt2  m 


where 

e  is  electron  charge,  m  is  electron  mass,  tc 
is  frequency  in  radians  per  second. 
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Alsoj  let 


e_  .  E  =  Aj 
m 

e  .  Edc  =  B. 
m 

Then,  rewriting, 

x’  =  A  sin  xt, 

.  *  • 

y  =  B. 

Also,  let  tQ  be  the  time  when  the  electron  leaves  the 
surface . 

The  solutions  to  these  equations  are: 

x  =  -A  [sin  xt  -  sin  uutD  ] 

_A  COS  0)to  [xt  -  xt0  J  -  vox  (  t  -  t0)  , 

y  =  -B_  (  t  -  t0)2  +  vQy  (  t  -  tQ) , 

2 

giving  the  displacements  at  time  t,  and 

dx  =  -A  (cos  tut  -  cos  out  )  t  vQX 

dt  <ju 

=  B  (t  -  t0)  +  voy 
dt 

giving  the  velocities. 
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Maximum  velocity  in  the  x  direction  occurs  when 


uit  =  tt  (2n  -f  1)  ,  where  n  is  any  integer,  and  cos  xtQ  *  1, 
giving: 


vx  max  2  —  — 

m  'x 


v 


ox 


This  may  be  expressed  in  electron  volts  V  by  using 
the  following  formula: 


eV  =  _1  m  v2 
2 


In  the  practical  case  where  the  initial  velocity  of  the 
electron  is  small  compared  to  its  final  velocities,  the 
following  equation  gives  a.  very  close  approximation  to 
v 

vx  max 


vx  max 


In  terms  of  f ,  rather  than  x,  this  becomes, 

numerically. 


max 


volts 


where  E  is  in  volts  per  cm. 

P 

where  f  is  in  cycles  per  second. 
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APPENDIX  II 


Analysis  of  the  Window  Cavity 

The  field  equations  in  the  dielectric-loaded  cavity  of 
Fig.  11  may  be  written  in  the  following  form:  . 

For  the  vacuum  section: 


Hz  =  A  (kr)  cos  0  sin  3]_z 


A  1 


L'r  =  j  cuu  A  (kr)  sin  0  sin  3]_z  A  2 


rk“ 


Eg  =  j  xll  A  J  (kr)  cos  0  sin  0^z 


A  3 


Hg  =  -0^  A  (kr)  sin  0  cos  3-^z 


rk‘ 


H 


r  =  -5^  A  (kr)  cos  0  cos  0^z 


A  4 


For  the  dielectric  section: 


Hz  =  A  (kr)  cos  0  cos  f^Y 

Er  =  j  A  (kr)  sin  0  cos  f^Y 


t 

Eg  =  j  A  (kr)  cos  0  cos  p^Y 

k 


Hg  =  —  02  A  Jx 

(kr) 

sin  0  sin  02 Y 

rV^ 

t 

Hr  =  +P2  A  J1 

(kr) 

cos  0  sin  p~y 

k 


A  6 

A  7 

A  8 

A  9 

A  10 


where  k  =  1 . 84 
a 


where  a  is  radius  of  guide 
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For  TE  modes  the  boundary  condition  requires  that  the 
normal  derivaties  of  Hz  be  zero  at  all  conducting  walls , 
hence,  j|  {ka}  =  0.  For  the  required  field  pattern  ka 
is  given  by  the  first  root.  The  propagation  constant  3 

is  then  obtained  from  3^  =  ^2  ^£^2^ 

At  the  vacuum-dielectric  boundary  tangential  compo¬ 
nents  of  E  and  H  must  be  continuous.  By  equating  these 
quantities  the  following  equation  is  obtained  which  gives 
the  conditions  for  resonance: 

3 2  tan  3]_P  =  -6^  cot  52*3  A  H 

Stored  energy  in  the  dielectric-loaded  cavity 

A  general  expression  for  stored  energy  is  given  in 
equation  9,  Sec.  4.3.5.  For  the  particular  TE.^  mode 
cavity  under  consideration  this  becomes: 

..  r‘  r  r 


1  f2 
Er 


I 


r  ar 


QZ 


A  12 


where  Er  and  are  given  by  equation  2  and  3 

respectively  in  the  vacuum  sections,  and  by 

equations  7  and  8  respectively  in  the  dielectric  sections. 

Thus  for  the  Er  component: 

L  2n  a 
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Performing  the  integration, 

the  total  stored  energy  due  to  the  *E^  component  is: 


A  14 


Repeating  for  the  E^  component  gives  the  following 
expression: 

A  15 


The  total  stored  energy  is  given  by  the  sum  of  Ur  and 
Power  Dissipated  in  the  Cavity 
End  Walls 

The  expression  for  the  power  loss  in  one  end  wall 
of  the  cavity  is: 


H0  (z 


-  H, 


(z 


2  r  dr  d0 
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where  is  given  by  equation  4  and  Hj.  by  equation  5. 
Evaluating  the  integral  we  have  for  the  component: 


Rs  r  A2C 


and  for'  the  H^.  component 


gj-  r  A2D 


The  total  end  wall  loss  is 


Side  Walls 


The  expression  for  the  power  loss  in  the  side  walls 
of  the  cavity  is: 


p 

side 


2  d0  dz 


H0  is  given  by  equations  4  {vacuum  section)  and  9 
(dielectric  section)  and  H_  by  equations  1  (vacuum 
section  and  6  (dielectric  section) .  Evaluation  of 
the  integral  gives  the  following: 
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One  vacuum  section 


0  2 

component  Rs  tt  a  /  J,  (ka) 


2  k‘ 


)2  f  -l 

£  +  sin  2  P1P  j 

2  ~  J 


•?  2 

H  component  R  r  A"  J.  {ka) 

Z  “  1 


£  -  sin  2  3^p 

2  '  4^ 


1/2  dielectric  section 


Hgf  component  Rg  rr  A2  ^  (ka)  ' 

2  k4 


£  -  sin  2fi2ci 

2  43- 


2  2 

H  component  R  tt  a  J  (ka) 


£  +  sin  2^2^ 
2  43- 


The  total  side  wall  loss  is  the  sum  of  the  losses  due 
to  each  component  give  above. 

TN  <  »—>.  1  a  ^  4-  ■»  1  a  <-* 

JyrXUX^Vy.  XV  IV  JO 


The  dielectric  loss  is  given  by  the  following  integral: 


P 


dielectric 


vol . 


dv 


where  c  is  the  volume  resistivity.  Since  c  =  xetan  5 
we  can  write 


P 


dielectric 


CJJ 


tan 


a;'  tanfi  x  stored  energy  in  dielectric 
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APPENDIX  III 


Effects  Of  Power  Flow  On  Electron  Behavior 


Let  v  be  the  instantaneous  velocity  in  the  direction 
perpendicular  to  the  propagation  of  an  electromagnetic 
wave  obtained  by  an  electron  from  the  field.  Since  the 
corresponding  kinetic  energy  is  supplied  by  the  propa¬ 
gating  wave,  this  amount  of  electromagnetic  energy  is 
missing  from  the  wave.  Expressed  in  terms  of  the  electron 
mass  m,  the  equivalent  mass  of  the  missing  energy  is  mv^/2c^ 
(for  non-relativistic  electron  velocities) .  But  in  this 
exchange  process  not  only  the  energy  is  conserved  but  also  the 
momentum  attached  to  this  energy.  The  electromagnetic  energy 
absorbed  by  the  electron  has  the  above-mentioned  mass 


propagation  of  the  wave,  which 
group  velocity 


and  the  velocity  of  the  energy 
is  c  for  a  planar  wave  and  the 


c .  X 


in  a  waveguide  wave  (X  is  the  free  space  wavelength  and 
Xg  the  guide  wavelength).  The  momentum  of  the  wave, 
mass  x  velocity,  must  equal  the  forward  momentum  of  the 
electron: 


2 

m  v  .c  X  =  m  Vf 
2  c2 


(1) 


where  v^  is  the  forward  component  of  the  electron 
velocity.  We  obtain  for  the  forward  velocity  of  the 
electron: 
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2 

v  =  v _  .  X _  or  v  =  v  6  .  X _  with  $  =  v 

2c  Xg  2  Xg  c 

For  the  free  space  wave  X  becomes  one  and  dis- 

Xg 

appears  out  of  the  equations. 

If  we  express  the  kinetic  energy  of  the  electron  in 
direction  of  the  field  in  electron  volts  as  Ue,  and 
the  kinetic  energy  in  the  forward  direction  as  U^e 
we  obtain  the  following: 


for  e  =  1.602  x  10”12  erg.  v  x 
m  =  9.107  x  10-28g 
c  =  2.998  x  1010  cm  sec”1 


8.4 


It  can  be  seen  that  the  forward  energy  of  the  electron  in  electron 
volts  is  proportional  to  the  square  of  the  electron  energy  in  the 
direction  of  the  E  field.  This  relation  is  of  course  valid  for 
any  moment  during  the  oscillating  cycle,  because  the  law  of  con¬ 
servation  of  energy  and  momentum  is  valid  at  any  moment.  Fig.  19 
shows,  in  the  bottom  row,  electron  velocities  in  the  E  field 
direction  for  electrons  released  at  different  phase  angles  and 
therefore  having  different  mean  dc  velocities  added  to  the  ac 
velocity.  The  phase  angles  at  the  time  of  release  of  the  elec¬ 
trons  are  given.  These  were  chosen  to  yield  dc  velocity  rises 
in  five  equal  steps  from  picture  to  picture.  The  resulting 
forward  velocities  are  shown  in  the  top  row. 

We  recognize  the  frequency  doubling  effect  in  v^  due  to  the  square 
relationship  in  the  first  case  and  we  see  that  more  of  the  funda¬ 
mental  frequency  gets  mixed  in,  as  the  dc  velocity  in  the  bottom 
row  grows,  until  finally  the  mixed-in  fundamental  has  reached 
twice  the  amplitude  of  the  second  harmonic,  which  remains  con¬ 
stant  in  amplitude  through  all  the  pictures.  The  peak  forward 
velocity  at  0°  phase  angle  is  four  times  that  for  90°,  with  all 
intermediate  values  possible,  which  means  energy-wise  a  factor 
of  sixteen.  Similar  electron  motions  have  been  computed  by 
D.  Churchill  using  an  analogue  computer.  (3) 

If  we  consider  the  possible  sources  of  electrons  which  may  move 
down  a  waveguide  and  arrive  at  a  window,  we  conclude  that  field- 
emitted  electrons  from  the  waveguide  walls  will  probably  be  most 
prevalent.  We  shall  therefore  consider  the  conditions  under  which 
such  electrons  are  most  likely  to  be  released,  that  is  to  say, 
at  the  time  when  the  transverse  electric  field  is  a  maximum. 

These  electrons  will  tend  to  travel  down  the  waveguide  since  they 
acquire  no  net  dc  transverse  velocity  across  the  guide.  Secondary 
electrons  on  the  other  hand,  conceivably  released  by  multipactor 
at  the  time  of  zero  electric  field,  will  tend  to  cross  the  wave¬ 
guide  quite  rapidly  and  therefore  are  less  likely  to  reach  the 
window. 


(3)  Sperry  Gyroscope  Co. ,  Electron  Tube  Div. ,  Great  Neck,  N.  Y. 
"Investigation  of  Microwave  Window  Failure  Mechanisms  and 
Their  Elimination"  -  Second  Quarterly  Progress  Report ,  U.S. 
Army  Signal  Research  and  Development  Lab. ,  Fort  Monmouth, 
Contract  No.  DA-36-039  SC-78314,  covering  period  1  Sept. 
1959  -  1  December  1959,  prepared  by  D.  Churchill. 
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The  energy  U  of  the  oscillating  electron  is  propor¬ 
tional  to  the  square  of  the  electric  field  and  for 
that  reason  U^,  the  forward  energy,  goes  up  as  the 
fourth  power  of  the  electric  field.  The  peak  energy 
U  of  an  electron  oscillating  without  dc  velocity 
released  at  the  time  of  peak  electric  field,  0  =  90°, 
in  a  high  frequency  field  with  a  peak  value  of 
Ep  is* 


(4) 


This  formula  is  obtained  by  looking  at  the  momen¬ 
tum  m  v  given  to  the  electron  during  a  quarter  of 
a  cycle  which  equals  the  average  force  acting  on 
the  electron  e  E  .  2  multiplied  by  the  time 


eE  2  2tt 

TT  4W 


The  energy  of  the  electron 

2 

Momentum  =  U  e 
2  m 


=  m  v 


1 _ 

2  m 


giving: 


(5) 


(6) 
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In  units:  Volt*  cm*  sec  this  becomes  numerically: 


For  the  peak  forward  equivalent  volts  of 
the  electron  we  obtain,  by  combining  equations  (3) 
and  (6) : 


and  numerically: 


where  f  is  in  cycles  per  second. 


In  order  to  give  an  idea  of  the  magnitude  of  this 
effect,  some  numerical  values*  closely  related  to 
our  experimental  conditions*  are  given  in  Table  I 
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TABLE  A.III.l 


2 

8.5  Megawatts  Through  A  Window  Area  of  45.6  cm 
(3"  diameter  round  window) 


Wavelength 

Peak-E-Field  on  Axis 

Peak-H-Field  on  Axis 

For  an  Electron  Liberated 
at  Peak  of  E-Field: 


Max  e.V  in  direction  of 
E 

Max  e.V  perpendicular  to 
E  (Radiation  Pressure) 

Amplitude  (peak-to-peak) 

Peak  (3  of  electron 

.  -  .  _  _  I1 

«r  ' 

For  an  Electron  Liberated 
at  Zero  E-Field:'; 


Max  e.V  in  direction  of 


Free  Planar  Wave  Round  Waveguide  (TE-;  ^ 

* 

X  10.5  cm  Xg  17.78  cm 

26700.  Volt/cm  70600. 

* 

89.  Gauss  172.3  Gauss 


1946.  eV 
3.62  eV 
0.292  cm 
8.72% 


13606.  eV 
63.25  eV 
0.773  cm 
23.06% 


7796. 


eV 


54600. 


Max  e.V  perpendicular  to 
E 


58.2  eV 


1012. 


Distance  Travelled  per 
half  cycle 


0.325  cm 


0.861 


Peak  P  of  Electron 


17. 45% 


46.7% 


*  Assumes  travelling  wave  in  matched  waveguide. 


eV 

eV 

cm 
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The  first  column  shows  a  planar  wave  carrying  an 
energy  of  85  megawatts  per  45.6  cm^  which  is  the 
area  of  a  3 -inch  window.  The  second  column  repre¬ 
sents  the  values  in  a  round  3-inch  waveguide  TE]_]_ 


mode.  The  window  is  assumed  to  be  thin  having  no 
standing  wave  energy  surrounding  it.  For  a  resonant 
window  having  a  Q  of  about  three  and  sitting  in  the 
middle  of  the  window  box,  the  forward  energies  have 
to  be  multiplied  by  Q  to  give  the  real  values.  To 
understand  this  we  have  to  look  at  the  peak  E-field, 
which  is  greater  by  the  factor  Q,  whereas  the  peak 
H-field  retains  its  old  value,  because  the  standing 
wave  has  no  magnetic  field  in  the  middle  of  the  cavity. 

The  oscillating  energy  of  the  electron  is  greater  by 
the  factor  three.  However,  since  the  magnetic  deflec¬ 
tion  of  the  electron  into  the  forward  direction  results 
from  an  H-field,  which  is  not  increased,  the  forward 
energy  increases  in  this  case  only  proportional  to  the 
oscillating  energy,  that  is,  by  the  factor  three.  We 
have  up  to  this  case,  always  intentionally  ignored  the 
magnetic  field  deflection  which  is,  of  course,  respon¬ 
sible  for  all  forward  motions  and  we  have  used  the 
simpj-er  law  of  conservation  of  momentum.  But  we  can 
also  look  in  the  last  case  only  at  the  momentum  trans¬ 
fer  and  get  the  right  answer.  The  presence  of  the  stand¬ 
ing  wave  energy  in  the  window  box  reduces  locally  the 
group  velocity  of  the  propagating  wave.  The  energy  trans¬ 
port  velocity  is  smaller.  For  the  same  power  flux  this 
means  an  increased  momentum  of  the  electro-magnetic  wave. 
The  standing  wave  energy  in  the  window'  box  is  longitudinal. 
But  going  from  the  planar  wave  to  the  waveguide  wave  we 
also  act'd  some  standing  wave  energy  in  the  transverse 
direction,  which  is  responsible  for,  the  reduced  group 
velocity  in  the  waveguide.  It  is  known  that  the  waveguide 
wave  can  be  understood  as  two  planar  waves  cutting  the 
guide  axis  at  the  angle  a  where  cos  a  -  1  .  The  electric 


fields  of  the  two  waves  add  directly  to  the  axis,  where¬ 
as  the  magnetic  fields  combine  vectorially  to  a  field 
value  reduced  by  the  factor  cos  a  or  X  .  The  overbalance 


.F 
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of  the  electric  field  over  the  magnetic  field  stems 
from  the  standing  wave  energy,  which  in  this  case  is 
transverse  to  the  waveguide,  but  has  the  same  effect 
as  the  longitudinal  standing  wave  in  the  window  box. 

We  obtain  the  same  forward  effect  on  the  electrons 
either  looking  at  the  momentum  connected  with  the 
group  velocity  or  at  the  unbalance  of  electric  and 
magnetic  field.  The  factor  in  both. cases  is  \g  .  The 

X 

values  in  Table  I  are  non-relativistic.  Only  for  the 
rather  energetic  electrons  in  the  waveguide  released 
at  zero  E-field  does  the  relativistic  effect  make  a 
small  difference.  All  the  electron  energies  given  for 
the  waveguide  case  .are  by  a  factor  Q  bigger  in  the 
window  box.  Q  is  about  3  for  the  alumina  windows  and 
considerably  less  for  silica  windows.  The  forward 
effects  on  electrons  grow  very  rapidly  with  energy  and 
relativistic  treatment  becomes  necessary.  Very  roughly 
we  can  say,  an  electron  which  would  receive  511  kV 
energy,  that  is  the  relativistic  energy-equivalent  of 
the  electronic  mass,  would  have  forward  energies  com¬ 
parable  to  transverse  energies,  because  the  momentum 
of  the  radiation  absorbed  by  the  electron  and  the  momentum 
of  the  electron  become  the  same. 

The  conclusion  can  be  drawn  that  the  radiation  pressure 
effect  on  electrons  can  be  neglected  at  low  powers,  but 
becomes  appreciable  at  higher  power  levels,  and  can  affect 
the  nature  and  magnitude  of  the  multipactor  discharge. 

On  output  windows,  it  tends  to  suppress  and  on  input 
windows  it  tends  to  favor  multipactor.  Electrons  get 
lifted  off  the  window  surface  by  this  effect  on  the  input 
window  and  carried  back  by  the  dc  charge  field  of  the 
surface,  which  is  always  stronger  than  the  radiation 
effect.  Electrons  have,  during  that  time  a  chance  to 
pick  up  oscillating  energy  from  the  field  to  effectively 
knock  out  new  secondaries.  On  the  output  window  the 
radiation  pressure  plus  the  dc  field  tend  to  bring 
electrons  back  rather  quickly. 


(0.  Hell) 
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APPENDIX  IV 


Sample  Calculations  Of  Equivalent  Transmitted  Power  In 
Resonant  Cavity 


From  measurements  of  power  dissipated  in  the  cavity,  and 
Q  measurements,  the  equivalent  transmitted  power  may  be  cal¬ 
culated  by  two  methods. 


Using  Method  (1) 

The  unloaded  Q  of  the  resonant  cavity  is  measured.  (Q2) • 
A  similar  cavity,  when  inserted  in  a  waveguide  terminated  in 
a  matched  load,  will  have  a  Q  which  will  be  called  Q^.  The 

two  situations  are  represented  graphically  in  Fig.  A.IV.1. 

Both  cavities'  are  assumed  to  be  matched  at  this  resonant 
frequency  in  what  follows. 

The  parameter  R  has  been  used  for  the  two  cases.  This 

factor,  relating  impedance  to  stored  energy,  depends  only  on 
geometry. 

Consider  the  first  case  (transmitting  power) .  We  can 
speak  of  an  equivalent  voltage  V.,  effective  between  the  two 
points  A  and  B  at  opposite  sides  of  the  window  and  in  the 
plane  of  the  E  vector.  (TE^^  mode  assumed)  .  We  can  also 
imagine  an  R  value  and  a  shunt  impedance  R,  also  referred  to 

A  and  B.  Q 


We  can  write: 


+  Pd 


=  K. 


R 

Q 


A. IV. (1) 
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is  power  transmitted  to  load 


where 


"  is  power  dissipated  in  cavity 

"  k  is  a  constant  relating  E  to  V. 


Consider  now  the  second  case.  Here  all  the  power  is 
absorbed  in  the  cavity  losses.  Wo  can  write: 


A. IV. (2) 


If  we  assume  R  and  K  to  be  the  same  in  both  cases,  we 
Q 

can  combine  equations  (1)  and  (2)  to  give: 


A.  IV.  (3) 


For  the  same  field  strength  at  the  window 


in  both  cases,  Pr 


-  Pd2  and 


-1 


A.  IV.  (4) 


Since  P^  can  be  measured,  either  by  a  direc¬ 
tional  cou  pie?  or  calor imetr ical ly ,  and  Q and 

can  be  measured  on  a  cold  test  bench,  P„  can  be 

T1 


cula ted. 


cal- 
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W indow 
pov.’o  r  P 
power  P 


transmitting 
Y  and  absorbing 


Window  absorbing 
power  Pd 

2 


Fig.  A.IV.l. 
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We  note  that  was  assumed  to  be  the  same  in  the 

Q 

two  cases.  This  is  not  strictly  true,  because  in  case  1 
the  coupling  irises  between  the  cavity  and  the  waveguide 
will  be  larger  than  in  case  2,  and  therefore  the  geometry 
is  different  and  the  calculation  is  to  this  extent  approxi¬ 
mate. 

Method  (2) 


In  Appendix  II,  and  also  in  Section  4.3.5  a  relation¬ 
ship  between  window  field  strength  and  total  cavity  loss 
has  been  derived: 


P 


diss 


u)U 

Qo 


c> 


J 


2 

vol . 


dv 


A. IV. (5) 


Since  the  total  cavity  loss  can  be  measured 
directly,  and  so  can  uj,  and  Qq,  the  stored  energy 
I  2 

i  £_  E  dv  may  be  computed  for  a  given  P^. 

J  2 

From  Appendix  II  the  stored  energy  may  also  be 
calculated  in  terms  of  E  -  the  maximum  electric 
field  at  the  window  surface.  Therefore  E  may  be 
calculated  for  a  given  measured  value  of  Pdiss* 


To  obtain  the  equivalent  power  transmitted  we 
may  now  assume  the  window  to  be  in  a  round  waveguide, 
matched  to  a  load  at  one  end.  If  the  window  did  not 
perturb  the  waveguide  fields,  we  could  write: 


A. IV. (6) 


*  The  most  useful  reference  for  this  equation  has  been 
found  to  be  "The  Relative  Power-Carrying  Capacity  of 
High  Frequency  Waveguides",  by  H.  M.  Barlow,  Pro¬ 
ceedings  of  the  IEE,  Part  3,  Vol.  99,  No.  57, 
January  1952. 
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Where  a  is  guide  radius  in  cm. 

Where  E  is  peak  electric  field  strength,  in  volts/cm. 

Where  PT  is  power  flow  in  watts. 

(This  is  equation  (3) ,  page  15) 

Therefore  for  the  value  of  E  calculated  from  equation  (5) 
above,  we  may  calculate  a  corresponding  value  of  P^. 

We  note  that  this  will  be  accurate  only  when  the  window 
does  not  perturb  the  waveguide,  which  will  be  true  only  for 
a  window  of  infinitesimal  thickness,  if  e  is  greater  than 
unity.  This  calculation  is  therefore  approximate  when  used 
with  a  real  window. 


A  sample  calculation 

For  a  typical  non-multipactoring  coated  window  the 
following  results  were  obtained:  (Window  No.  TU  49,  from 
7th  Quarterly  Progress  Report,  Fig.  6,  page  7b,  Coors 
BD  96  Beryl lia  Window  with  evaporated  titanium  coating) . 

Average  power  dissipated  in  window  box  100  watts 

duty  cycle  10"^ 


Peak  power  dissipated 


10  kilowatts 


1100 


From  method  (1)  above,  equation  (4): 


PT1  ■  S  ^  ^ 

=  10  kw  X  1099 
3 

=  3. 66  MW 
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Using  Method  (2) 


To  calculate  the  stored  energy  in  the  cavity  in  terms 
of  the  maximum  electric  field  strength  at  the  window  we 
proceed  as  follows: 


From  Appendix  II,  equations  A  14  and  A  15,  using  the 
following  values  for  the  constants; 

6  =  8.85  x  10-^2  farads  per  meter 

m  =  2tt  x  2.7  x  109  c.p.s. 

p  =  1.26  x  10-6  henrys  per  meter 


k  =  1.84 
a 

a  =  4.7  x  10~2  meters 
P  =  1.62  x  10-2  meters 
q  =  2.54  x  10-3  meters 
er  =  6.65  (for  BeO) 

G  a  r\  n 

=  Hr KJ  •  O 


and  performing  the  numerical  integrations  for  the  factors 
C  and  D,  which  become 

a 

I 

c 


J1  (kr)  dr  =  0.2817 


■ft 


o  vo  L 


J1 


=  0. 1226/k 


7977  x  10 


-4 
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We  arrive  at  the  following  numerical  values  for  stored 
energy,  in  terms  cf  the  field  amplitude  factor  A  in  the 
equations  A  ii  (1-10) : 


Total 


U  (air) 
r 

Ur  (dielectric 
U0  (air) 

U0  (dielectric 
stored  energy 


3.26 

X 

10-12 

A2 

-12 

2 

20.65 

X 

10 

PT 

,  -12 

2 

1.42 

X 

10 

A 

9.00 

X 

10-12 

A2 

34.33 

X 

10-12 

A2 

Utotal 


We  wish  to  know  this  quantity  in  terms  of  the  maximum 
electric  field  at  the  window,  given  by  equation  A  II  2, 
putting  0  =  _n. 

2 

* 

We  will  denote  this  field  strength  by  E  . 

E*  =  170.0  A  (from  Appendix  II,  Equation  (1)) 
Therefore  utotal  1-183  x  10”^  E*2 

_  V; 

We  now  use  the  relationship 
Qo  =  “"total 

p 

diss 

to  obtain  utotal  in  terms  of  (measured)  and  Qq 

(Q  x  ,  measured) . 

For  the  case  discussed,  Qq  was  2200  and  was  10^  watts. 

This  gives  =  1.3  x  10“^. 
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1.1  x  10 


Hence  E 


12 


and  E*  =  1.05  x  10^  v/meter 


=  1.05  x  104  v/cm. 


Also,  E' 


dies 


1.1  x  10^  =  1.1  x  104  (v/cm) 2  per  watt 

TP 


If  this  field  strength  existed  in  a  matched  circular  wave¬ 
guide  of  4.7  cm  radius  carrying  the  TE-^  ^  mo^e  at  2700  Me, 

the  corresponding  power  transmitted  wouia  he  {from  equation 
A. IV. (6) ) 

PT  =  3.15  x  10"^  E 

=  3.15  x  10“2  x  1.1 

=  3.47  x  10^  watts 

We  can  refer  to  this  as  the  "equivalent  transmitted 
power"  corresponding  to  the  field  strength  E*  at  the  window 
surface . 

Minimum  Power  Level  for  Multipactor 

It  is  of  interest  to  calculate  the  equivalent  trans¬ 
mitted  power  corresponding  to  the  critical  field  strength 
at  which  multipactor  begins.  This  is  related  to  the  secondary 
emission  characteristic  of  the  dielectric,  and  particularly 
to  the  lowest  value  of  primary  electron  energy  required  to 
release  one  secondary  electron  per  primary  (5  =  1).  See 
Section  4.2.2,  page  9. 

The  mean  of  several  measurements  gave  a  typical  value 
of  Pd-iss  at  t^ie  threshold  multipactor,  when  encouraged 
by  magnetic  fields  (which  cannot  accelerate  electrons  and 
therefore  cannot  reduce  the  electric  field  required  for 
multipactor)  of  0.4  kw.  Using  the  relationship  above  for 


^diss 


Q 

x  10  (in  cm.  units) 
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We  find  E*2  =  1.1  x  104  x  400 
and  E  =2.1  kv/cn 

The  corresponding  equivalent  transmitted  power  is 
138  kw. 

We  note  that  for  a  window  scaled  linearly  in  dimensions 
with  wavelength,  this  "threshold  power  level"  for  the  onset 
of  multipactor  will  remain  the  same  for  all  wavelengths. 

This  is  the  minimum  peak  power  level  at  which  the  gliding 
single-surface  can  he  expected  with  an  uncoated  Alumina  or 
Beryllia  window.  In  practice,  it  has  been  found  that  the 
actual  threshold  power  level  is  often  greater  than  this, 
probably  due  to  the  presence  of  thin  films  of  substances  on 
the  window  surface,  such  as  decomposed  diffusion  pump  oil, 
which  may  fortuitously  reduce  the  secondary  emission,  albeit 
in  an  unpredictable  manner. 


(D.  Preist) 
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APPENDIX  V 


Procedure  For  The  Coating  of  Waveguide  Windows 
by  Evaporating  Titanium  in  Vacuum 


1.0  OBJECTIVE 

This  specification  standardizes  the  procedure  for 
coating  the  vacuum  side  of  waveguide  windows  used  in 
high-power  microwave  tubes. 

2.0  REFERENCES 

The  following  procedures  form  part  of  this  specifi¬ 
cation: 

Chemical  Cleaning  Procedure  "E" 

Ceramic  Assembly  cleaning  procedure 

Chemical  Cleaning  Procedure  "P" 

Titanium  cleaning  procedure 

Chemical  Cleaning  Procedure  "R" 

Ceramic  window  assembly  cleaning  procedure 

3.0  APPLICABILITY 


The  coating  is  used  for  the  suppression  of  multi- 
pactor  at  microwave  windows.  The  use  of  the  coating  is 
recommended  for  the  windows  of  high-power  microwave  tubes 
operating  at  peak  power  levels  above  100  kW. 

4.0  MATERIALS 


The  materials  required  are  included  in  Section  5 
(Equipment) ,  and  in  the  appropriate  chemical  cleaning 
specifications . 

5.0  EQUIPMENT 

The  following  equipment  is  required  for  the  coating 
process: 
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5.1  Vacuum  evaporator  station  -  Veeco  VE  400  or  equivalent. 

5.2  Filament.  Standard  titanium  getter  wound  as  used 
on  Eimac  High-Power  Klystrons.  See  Eimac  drawing 
No.  106217. 

5.3  Surface  resistivity  monitor.  This  should  be  a 
rectangular  bar  about  2"  x  1/4"  x  1/8"  made  of  the 
same  material  as  is  the  window  to  be  coated.  The 
ends  of  the  bar  should  be  metalized  for  about  1/4" 
on  one  face. 

5.4  Megohmeter.  General  Radio,  D-C  Amplifier  and 
Electrometer  Tyoe  123C-A  or  equivalent  instrument 
for  the  measurement  of  high  resistance. 

6. 0  PROCEDURE 

6. 1  The  window  or  window  assembly  should  be  thoroughly 
cleaned  before  a  coating  is  applied.  The  appro¬ 
priate  chemical  cleaning  procedures  should  be  used 
where  necessary.  Procedure  "E"  is  used  for  plain 
ceramic  windows.  Procedure  "R"  is  used  for  window 
assemblies  and  Procedure  "P"  for  cleaning  windows 
which  have  been  previously  coated  with  titanium. 

Windows  which  have  been  clean-fired  or  brazed  into 
assemblies  will  generally  not  require  further  clean¬ 
ing  if  standard  tube  cleanliness  precautions  have 
been  observed. 

Windows  and  monitors  should  be  handled  with  cotton 
gloves  during  assembly  in  the  vacuum  chamber  to 
avoid  contamination  of  the  surfaces. 

6.2  Connect  the  filament.  For  most  work  the  filament 
wire  is  bent  to  a  U-shape  and  the  ends  tied  to  the 
heater  terminals  on  the  vacuum  chamber  base-plate 
(see  Fig.  1).  In  certain  cases  (e.g.,  for  coating 
ceramic  cylinders)  a  single  filament  is  required 
with  connections  at  the  top  and  bottom  (see  Fig.  2). 
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6.3  Prior  to  coating,  the  filament  should  be  pre-heated 
for  cleaning  purposes  and  to  ensure  that  the  titanium 
is  heated  evenly.  Pump  the  vacuum  chamber  to  a 
pressure  below  10"^  Torr  and  heat  the  filament  to 
the  evaporating  temperature  by  slowly  increasing 

the  filament  current  to  55  amperes.  Hold  for  1 
minute,  turn  off  filament  supply,  allow  filament  to 
cool  for  at  least  30  minutes  before  admitting  air  to 
the  vacuum  chamber.  If  uneven  heating  of  the  titanium 
wire  results  in  beading,  -the  filament  should  be  dis¬ 
carded.  Once  a  filament  has  been  processed  in  thiB 
way  it  is  suitable  for  several  evaporations. 

6.4  Place  the  window  to  be  coated  in  the  vacuum  chamber 
facing  the  filament.  The  window  should  be  located 
centrally  with  respect  to  the  filament  (see  Fig.  1) 
and  spaced  from  the  filament  a  distance  greater  than 
twice  the  window  diameter.  In  cases  where  the  window 
is  partly  shielded  by  the  containing  waveguide  it 
may  be  necessary  to  modify  the  arrangement.  An 
example  is  the  pill-box  window  shown  in  Fig.  2.  In 
this  case  a  single  element  filament  is  employed  and 
the  structure  placed  so  that  the  filament  is  in 
direct  "line  of  sight"  to  all  points  on  the  window 
surface . 

Parts  of  the  containing  waveguide  which  will  be  sub¬ 
sequently  sealed  (e.g.,  heliarc  joints)  should  be 
shielded  from  the  filament  with  a  metal  mask. 

6.5  Place  the  surface  resistivity  monitor  either  next  to 
the  window  or  on  the  opposite  side  of  the  filament 
(positions  A  or  B  in  Fir.  1,  position  C  in  Fig.  2). 

The  monitor  should  be  the  same  distance  from  the 
filament  as  is  the  window  to  be  coated  and  should 

be  exposed  to  the  same  portion  of  filament.  If 
necessary,  parts  of  the  filament  should  be  screened 
from  the  monitor  as  shown  in  Fig.  2. 

6.6  Close  the  vacuum  chamber  and  pump  to  a  pressure 
better  than  10”^  Torr.  Liquid  nitrogen  must  be 
used.  Slowly  increase  the  filament  voltage  until 
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the  evaporating  temperature  is  reached.  As  the 
filament  is  heated  the  pressure  will  increase  and 
should  be  about  10“  Torr  during  evaporation. 

If  the  pressure  rises  above  this  value  the  fila¬ 
ment  should  be  outgassed  below  the  evaporating 
temperature.  Evaporation  is  indicated  by  a  steady 
decrease  in  the  monitor  resistance  measured  by 
the  Megohmeter,  the  process  is  continued  until  a 
surface  resistivity  in  the  range  107  to  10^  ohms/ 
square  is  obtained.*  The  rate  of  evaporation  will 
depend  on  the  filament  temperature  on  the  filament 
temperature  which  should  be  adjusted  for  a  total 
evaporation  time  of  1-2  minutes.  The  system  should 
be  allowed  to  cool  for  at  least  30  minutes  before 
admitting  air.  During  this  cooling  period  the 
monitor  resistance  will  increase;  this  is  a  normal 
occurrence. 

6.7  The  window  should  be  coated  just  before  tube  assembly 
and  processing.  If  storage  is  necessary.,  the  coated 
window  should  be  placed  in  a  plastic  bag  to  protect 
the  coating. 

*  Note;  The  surface  resistivity  of  a  coating  is  defined 
as  the  resistance  of  any  square  area  of  coated  surface. 
It  is  independent  of  the  size  of  the  square.  If  the 
monitor  is  of  the  size  specified  in  section  5  the 
resistance  measured  must  be  divided  by  6  to  obtain  the 
equivalent  surface  resistivity  in  ohms/per  square. 
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CHEMICAL  CLEANING  PROCEDURE  "P 


Titanium  Cleaning  Procedure 

This  procedure  pertains  to  chemical  cleaning  of  all 
titanium  component  parts  such  as  cylinders }  sheets  and  disks. 
It  can  also  be  used  to  remove  titanium  films  from  ceramic 
surfaces. 


A. 

EQUIPMENT 

1 

i.  • 

Suitable  pyrex  or  polypropylene  container 

2. 

Titanium  cleaning  solution  consisting 

of: 

a.  Deionized  water 

b.  Nitric  acid 

c.  Hydrofluoric  acid 

890  mis  89 

100  mis  10 

10  mis  1 

parts  by  volume 
parts  by  volume 
part  by  volume 

3. 

Ammonium  hydroxide  solution  consisting 
of: 

a.  Deionized  water 

b.  Ammonium  hydroxide 

1000  mis  100 

150  mis  15 

parts  by  volume 
parts  by  volume 

B. 

PROCEDURE 

1. 

Degrease  procedure  "J" 

2. 

Versene  clean 

140°F  ( 60  5  C) 

5  minutes 

3. 

Tap  water  rinse 

140  °F  C  60  =  C) 

5  dips 

4. 

Immerse  in  titanium  clean¬ 
ing  solution  room  temperature 

2  minutes 

5. 

Tap  water  rinse  -  cold 

5  dips 

6. 

Ammonium  hydroxide  dip  ■ 

-  cold 

10  seconds 

7. 

Tap  water  rinse  -  cold 

5  dips 

8. 

Tap  water  rinse  -  cold 

5  dips 

9. 

Deionized  water  rinse 

140  0  F  (60°C) 

5  dips 

10. 

Deionized  water  rinse 

140  u F  ( 60  °  C) 

10  seconds 

11. 

Forced  air  dry 

12. 

Cool  and  bag 
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CHEMICAL  CLEANING  PROCEDURE  "R" 


Ceramic  Window  Assembly  Cleaning  Procedure 

This  procedure  pertains  to  cleaning  ceramic  window  assembly 
#173190  and  similar  assemblies,  prior  to  incorporation 
into  tubes.  The  component  parts  of  this  assembly  are 
copper,  ceramic  and  nickel. 


A.  EQUIPMENT  i' 

1.  Ultrasonic  cleaner  -  bench  type  model. 

2.  Two  4000  ml  beakers  -  or  suitable  pyrex  or  polypropylene 
conta iner . 

3.  Freon  TF  cleaner  -  DuPont  Company 

3.  PROCEDURE 


1. 

Ultrasonic  Freon  TF  degrease 

1 

minute 

2. 

Scrub  ceramic  surfaces 
150  grit  alundum) 

with  alumina  (Nortons 

3  = 

Versene  clean 

140  1  F 

(60=C) 

5 

minutes 

4. 

Tap  water  rinse 

I40°F 

(60°C) 

5 

dips 

5. 

Tap  water  rinse  -  cold 

5 

dips 

6. 

Ammonium  citrate  clean 

140  0  F 

( 60  0  C) 

5 

minutes 

7. 

Tap  water  rinse  -  cold 

5 

dips 

8. 

Deionized  water  rinse  - 

■  cold 

5 

dips 

9. 

Deionized  water  rinse1 

140  1 F 

( 60  °  C) 

5 

dips 

10. 

Deionized  water  rinse 

140  °F 

(60°C) 

10 

seconds 

11.  Forced  air  dry 

12.  Cool  and  bag 


CHEMICAL  CLEANING  PROCEDURE  "E" 


Ceramic  Assembly  Cleaning  Procedure 

This  procedure  pertains  to  cleaning  ceramic  assemblies 
prior  to  incorporation  into  tubes.  Ceramic  assemblies  consist 
of  ceramic  parts  attached  to  copper,  copper  nickel  and  nickel 
seal  rings.  Stubborn  oxides  on  rings  can  be  removed  by 
Chemical  Cleaning  Procedure  "R" . 

PROCEDURE 

1.  Scrub  ceramic  surfaces  with  alumina  (Norton's  150  grit 
alundum) . 

2.  Spray  rinse  -  tap  water  -  cold 


3. 

Versene  clean 

140 

°F 

(60° 

C) 

5 

minutes 

4. 

Tap  water 

rinse 

140 

0  F 

(60° 

c) 

5 

dips 

5. 

Tap  water 

rinse 

-  cold 

5 

dips 

-i  rvr-%/3 
iv  C.  JLW  iiXUWM 

we  te  r 

rinse  —  cold 

5 

dips 

7. 

Deionized 

water 

rinse 

140 

°F 

(60° 

C) 

5 

dips 

8. 

Deionized 

water 

rinse 

140 

°F 

(60c 

c) 

20 

seconds 

9.  Forced  air  dry 

10.  Cool  and  bag 
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Window  Coating  Arrangement 


APPENDIX  VI 


Drawings  For  Test  Cavity  Model  3  as  follows: 


BP-1062-31 

AP-1062-33 

BP-1062-34B 

BP-1062-38B 

BP-1062-40 
BP-1062-41 
DP-1062-42 
DP-1062-43 
AP-1062 -44 


Waveguide  Plug 

Vacuum  Seal  -  Copper  Gasket 

Seal  Flange/Water  Jacket 

Window  Coupling  Plate 
Seal  Flange 

Window  Coupler  Assembly 
Window  Plate  &  Seal  Flange 
View  Port  -  Window  Assembly 
Window  Test  Unit  Assembly 
Window  Ceramic 
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Air  Force  Unit  Post  Office 
Attn:  WDZRS 

Los  Angeles  45,  California  1 

Zeus  Project  Liaison  Officer 
Bell  Telephone  Laboratories 
Attn:  Lt.  Col.  Lee  G.  Jones 

Whippany,  New  Jersey  1 

Director 

U.  S.  Army  Electronics  Laboratories 
Fort  Monmouth,  New  Jersey  07703 

Attn:  AMSEL-RD-SR (Dir .  Radar  Div)  1 

Attn:  AMSEL-RD-SR (Dir.  Cm  Div)  1 

Attn:  AMSEL-RD-S (Dir .  EP&M  Div)  1 

Attn:  AMSEL-RD-N (Dir .  Comm  Dept)  1 

Attn.  AMSEL-RD-SC  1 

Attn:  AMSEL-RD-PEM  1 

Commander 

U.  S.  Army  Materiel  Command 
Washington  25,  D.  C. 

Attn:  AMCRD-RS-PE-E  1 

Commanding  Officer 
Frankford  Arsenal 
Attn:  ORDBA-FEL 

Philadelphia  37,  Pennsylvania  1 


Commander,  Army  Missile  Command 
Attn:  ORDXM-RMP 

Redstone  Arsenal,  Alabama 
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No.  of  Copieg 


Eitel-McCullough,  Inc. 

301  Industrial  Way 
San  Carlos,  California 

Attn:  Dr.  George  Caryotakis  1 

Attn:  Mr.  Earl  Shelton  1 

Attn:  L.  Reed  1 

Radio  Corporation  of  America 
Lancaster,  Pennsylvania 

Attn:  Mr.  E.  E.  Spitzer  1 


David  Sarnoff  Research  Center 
RCA  Laboratories 
Princeton,  New  Jersey 

Attn:  Dr.  L.  S.  Nergaard  1 

General  Electric  Company 
TWT  Products  Section 
601  California  Avenue 

Palo- Alto,  California  -  —  ---  ---- 

Attn:  Mr.  S.  E.  Webber  1 

Kane  Engineering  Laboratories 
845  Commercial  Street 
Palo  Alto,  California 

Attn:  Mr.  John  Kane  1 

Sylvania  Electric  Products,  Inc. 

Chief  Engineer  of  Microwave  Device  Division 
500  Evelyn  Avenue 
Mountain  View,  California 

Attn:  Dr.  Rudy  Hutter  1 

Sylvania  Electric  Products,  Inc. 

East  3rd  Street 
Williamsport,  Pennsylvania 

Attn:  Dr.  John  Whitmore  1 

Sperry  Electronics  Tube  Division 

Sperry  Rand  Corporation 
Gainesville,  Florida 

Attn:  Dr.  A.  D.  Sutherland  1 
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No.  of  Copies 


Manager,  Applied  Research  Department 
Electron  Tube  Division 
Westinghouse  Electric  Corporation 
P.  0.  Box  746 
Baltimore,  Maryland 

Attn:  Mr.  G.  R.  Kilgore  1 

Raytheon  Company 

Attn:  Mr.  William  C.  Brown 

Waltham,  Massachusetts  1 

Varian  Associates 
611  Hansen  Way 
Palo  Alto,  California 

Attn:  Dr.  T.  Moreno  1 

Attn:  Dr.  A.  Staprans  1 

Attn:  Dr.  E.  W.  Herold  1 

S.  F.  D.  Laboratories 
800  Rahway  Avenue 
Union,  New  jersey 

Attn:  Dr.  J.  Feinstin  1 

Litton  Industries 
960  Industrial  Road 
San  Carlos,  California 

Attn:  Dr.  J.  F.  Hull  1 

Attn:  Dr.  A.  Prommer  1 

Hughes  Aircraft  Company 
Culver  City,  California 

Attn:  Dr.  L.  M.  Field,  Microwave  Tube  Div.  1 

Watkins-Johnson  Company 
3333  Hillview  Avenue 
Palo  Alto,  California 

Attn:  Dr.  Rolf  Peter  1 

Field  Emission  Corporation 
McMinnville,  Oregon 

Attn;  Dr.  F.  M.  Charbonnier  1 

-  9  - 


Sperry  Gyroscope  Company 

Division  of  Sperry  Rand  Corporation 

Great  Neck,  Long  Island,  New  York 

Attn:  D.  Churchill 

Attn:  J.  McLinden 

Attn:  Dr.  V.  R.  Learned 

General  Electric  Company 
1  River  Road 
Schenectady,  New  York 

Attn:  R.  Bondley,  Knolls  Research  Laboratory 

Attn:  Mr.  E.  D.  McArthur,  Knolls  Research 

Laboratory 

Stanford  Research  Institute 
Menlo  Park,  California 
Attn:  L.  Feinstein 

General  Telephone  and  Electronics  Corp. , 
Bayside  Laboratory 
Baysiue,  New  York 
Attn:  B.  W.  Leavitt 

Mitronics,  Inc. 

132  Floral  Avenue 
Murray  Hill,  New  Jersey 
Attn:  S.  S.  Cole 

General  Electric  Company 
3001  East  Lake  Road 
Erie,  Pennsylvania 
Attn:  J.  J.  Cacciotti 

Ford  Instrument  Company 
31-10  Thomas  Avenue 
Long  Island  City,  New  York 
Attn:  W.  Franklin 

Director,  Lincoln  Laboratory 
P.  0.  Box  73 

Lexington  73,  Massachusetts 
Attn:  Dr.  G.  L.  Guernsey 


No. 


Stanford  University 

Microwave  Laboratory 

Stanford,  California 

Attn:  Prof.  M.  Chodorow,  Director 

Aerospace  Corporation 
Los  Angeles  45,  California 
Attn:  Dr.  I.  Getting 

Los  Angeles  Air  Procurement  Center 

Attn:  Administrative  Contracting  Officer 

The  Rand  Corporation 

1700  Main  Street 

Santa  Monica,  California 

Project  M 

Stanford  University 
Stanford,  California 
Attn:  Mr.  J.  Jasberg 

Polytechnic  Institute  of  Brooklyn 
55  Johnston  Street 
Brooklyn  1,  New  York 
Attn:  J.  W.  Triemamann 

Physics  Laboratory 
University  of  Utah 
Salt  Lake  City,  Utah 

Attn:  P.  Gibbs  {1  cy)  Attn:  G.  Baker  (1  cy) 

Laboratory  for  Insulation  Research 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts 
Attn:  D.  A.  Powers 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus  1,  Ohio 
Attn:  Defender  Library 

Cornell  Aeronautical  Laboratory,  Inc. 

4455  Genesee  Street 
Buffalo  21,  New  York 
Attn:  Mr.  R.  C.  Beitz 


of  CopieB 


1 


1 


1 


1 


1 


2 


1 


1 


1 
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MITRE  Corporation 
Bedford,  Massachusetts 

Attn:  Dr.  R.  F.  Naka,  Associate  Technical 

Director,  Bldg.  2A-251 

Chief,  Army  Research  Office 
Washington  25,  D.  C. 

Hqs.  U.  S.  Air  Force 
Attn:  AFRST-EL-CS 

Rm.  4D-335,  Pentagon 
Washington  25,  D.  C. 

Director,  R  &  D 
Army  Materiel  Command 
Attn:  Development  Division 

Temporary  Bldg.  T,  Gravelly  Point 
Washington  25,  D.  C. 

Commander,  EQAR 
Attn:  Lt.  Col.  0.  R.  Hill 

Pouch  Room,  American  Embassy 
APO  230 

New  York ,  New  York 

Bell  Telephone  Laboratories,  Inc. 

Whippany,  New  Jersey 
Attn:  Mr.  R.  C.  Newhouse 

RCA  Aerospace  Communication  and  Controls  Di 
P.  C.  Box  588 
Burlington,  Massachusetts 
Attn:  Mr.  W.  Ramsey 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California 

Attn:  05.00/31,  Mr.  I.  E.  Newland,  Mgr. 

Tech  Reports  Section 


Microwave  Associates  Inc. 
Burlington,  Massachusetts 
Attn:  Grant  St.  John 


No.  of  Copies 


1 

Beryllium  Corporation 
Box  1462 

Reading,  Pennsylvania 

Attn:  Mr.  Jack  Blum  1 

Scientific  and  Technical  Information  Facility 
Attn:  NASA  Representative  (SAK/DL) 

P.  0.  Box  5700 

Bethesda,  Maryland  20014  1 

Larry  Clampitt,  Manager 
Spencer  Laboratory 
Raytheon  Corporation 

Burlington,  Massachusetts  1 


This  contract  is  supervised  by  the  Microwave  Tubes  Branch, 
Electron  Tubes  Division,  ECD,  USAEL,  Fort  Monmouth,  New  Jersey. 
For  further  technical  information,  contact  Mr.  Gunther  Wurthmann, 
Project  Engineer,  Telephone  201-59-61104. 
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